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Abstract

The strong electron electron correlation in the Copper @Rrylayers of the
high temperature superconductors has been suggested asibi@explana-
tion for the occurrence of superconductivity in these nialer Under this
assumption a proposed model to describe the interplay betamstiferromag-
netism and superconductivity is the two dimensianal J model.

In this thesis the ground state properties of this model hae studied us-
ing exact diagonalization and quantum Monte Carlo simaorfgti In fermionic

systems quantum Monte Carlo methods are affected by theu$sign prob-

lem” instability that makes simulations prohibitive ana@avmpossible at low
enough temperature. In order to overcome this difficulty sapproximations
are necessary, such as the fixed node approximation or teetheproposed
Green function Monte Carlo with stochastic reconfiguratibnthis work the

first sgccessful application of the latter technique to ferit system is pre-
sented.

It is shown that the two dimensional- J model, in the physical parameter
region, reproduces qualitatively the main experimentadufees of the high',
superconductorsi—wave superconducting correlations are strongly enhanced
upon small doping{) and clear evidence of off-diagonal long range order is
found at optimal doping. Antiferromagnetic correlationtearly present for

the undoped system, are strongly suppressed at small hodg\devith clear
absence of long range order frany, 0.1.

The possible presence of charge density wave or phase Bepanatabilities
has been investigated. No one of such features has beenedeitethe phys-
ical region, being the homogeneous state the most stable ldeeertheless
the large compressibility suggests that the charge eiwitaare very close in
energy so that small lattice deformations can easily indbeexperimentally
observed stripes in the system.

The results of this work strongly support the idea of a pgiforce driven only
by the electron electron correlation that, upon dopingidehe system from
an antiferromagnetic Mott insulator to a superconductor.
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Introduction

High temperature superconductivity in the cuprate compounds is certainly one
of the most discussed and fascinating issues in modern condensed matter theory.
Despite the great efforts spent in trying to understand the remarkable physical
properties of these ceramic materials, a microscopic theory is lackinthefes-
cinating problem remains still unsolved. Nowadays, after more than one decade
since the original discovery by Bednordz and Muller [1], the field is still rapidl
evolving due to the improvement in the quality of the samples and in the exper-
imental techniques providing a great amount of results which are fundamental
clues for a microscopic theory. Moreover the development of new materials has
considerably raised the critical temperature (ud38K) and, even if the pos-
sibility of having superconductors at room temperature seems quite far in time,
technological applications (SQUID, Josephson Junction) are increasing.

The differences between these compounds and the conventional BCS super-
conductors (high critical temperaturé.), lack of isotope effect ofi,., d—wave
symmetry of the order parameter, short coherence length, linear behavior of the
d. c. resistivity with temperature) led to the belief that the pairingdaitriving
to superconductivity must be of a different nature. As a consequence, the strong
electron electron correlation in the copper orbitals has been proposed asiares
sible for the pairing. This idea, fascinating and innovative, proposed by $evera
groups [2, 3, 4, 5, 6, 7, 8, 9] and than pursued over the years, relies on the phys-
ical similarities between the different high compounds. Indeed all the high
superconductors (HTSC) originate from the doping of an antiferromagnetic Mott
insulator with non magnetic impurities. The strong antiferromagnetic ctioeta
of the undoped compound quickly disappears by doping leaving room to super-
conductivity.
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The proximity of the Mott Antiferromagnetic insulator state has been consid-
ered by several authors [8, 9, 5, 6, 7] as fundamental, meaning that spin fluctua-
tions can be responsible both for the onset of superconductivity and the symmetry
of the order parameter. Nevertheless these compounds are also quite close to a
phase separation instability (chapter 1), and this physical effect might be-impor
tant for an accurate theoretical description, as was suggested in ref. [10, 11

The theoretical approach is complicated by a great number of effects which
cooperate in the physics of these materials. A full understanding is pragticall
impossible and as a consequence “simple” theoretical models representative of
the main features leading to superconductivity are needed.

In the case strong correlation is the dominant force driving from antiferromag-
netism to superconductivity, a proposed lattice model to describe the interplay of
these two effects is the two dimensional J model [3, 12] (chapter 2). More-
over, since at strong coupling the ground state of the/ Hamiltonian displays a
phase separated state, it is an almost ideal description of the comple¢ttieeen
the antiferromagnetic forces and the tendency towards phase separation.

In recent years strongly correlated electrons on a lattice have beenoa maj
challenge for numerical simulations [13]. Mean field solution are often ausle
ing due to the quantum fluctuations which are far from being negligible, while
perturbative calculations are in practice unfeasible, being the relevantghys
the strong coupling regime.

On the other hand numerical methods allow the evaluation of ground state
property of the finite size system. As an example exact diagonalization (Lgnczos
in two dimensions is restricted to extremely small lattice sikasallows to com-
pute statical and dynamical properties of a model Hamiltonian. This restricti
is due to the huge dimension of the Hilbert space increasing exponentially with
the lattice size so that in order to numerically investigate largeesys different
approaches are necessary.

A remarkable development from exact diagonalization methods is the density
matrix renormalization group [14] which amounts to diagonalize the Hamiltonian
in a suitably chosen restricted Hilbert space. This Hilbert subspabersitera-
tively improved, adding relevant states and dropping less relevant onesyifal
the renormalization group idea. This approximation is variational on the ground
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state energy and is not restricted to small size systems. Though density ma
renormalization group is “numerically exact” in one dimension, the extension of
this method to higher dimensions is highly non trivial and is a current research
topic.

Quantum Monte Carlo simulations are stochastic methods which account to
generate configurations (samples) distributed as the ground state wavefunction
of the Hamiltonian and to compute expectation values of physical observables
as weighted averages over a large number of samples. In practice the ground
state wavefunction of an Hamiltoniat is projected out by iterative stochastic
application of the operatar—'7 to a trial wavefunction (not orthogonal to the
ground state of{).

These techniques allow simulations on large systems and can be safely ex-
ported to high dimensions, but suffer, in the case of fermions (or bosonic frus-
trated systems), from the well known “sign problem” instability. Thisabdity
is connected with the sign of the ground state wavefunction which can have re-
gions of positive and negative sign. From the point of view of the simulation this
means that the weights in the weighted average over the samples can change sign
leading to a well defined mean value but with enormous fluctuations so that in
practice no useful informations can be extracted.

To overcome this huge difficulty it is necessary to resort to some kind of ap-
proximation. In the framework of the Green function Monte Carlo technique,
widely used in this thesis, the fixed node approximation [15] allows to obtain
variational estimates of the energy defining an effective Hamiltoniachwhbes
not suffer from the sign problem instability. This definition relies oraasatzon
the ground state wavefunction (the so called “guiding wavefunction”), chosen on
physical grounds. In practice the fixed node approximation does not change the
nodes of the guiding wavefunction meaning that if the nodal surface of the true
ground state is very far from the originahsatzhe estimate of the energy is very
poor.

The recently proposed Green function Monte Carlo with stochastic reconfigu-
ration [16, 17] allows to systematically improve the fixed node approximatian
controlled way, crossing the nodal surface of the guiding wavefunction and sam-
pling the sign. The results obtained with this technique are less dependent from
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the originalansatzand the accuracy of the fixed node estimate of the ground state
energy and of the local correlation functions is expected to be improved even for
large sizes. The Green function Monte Carlo with stochastic reconfiguitai®n
been successfully applied to frustrated quantum spin systems in two donensi
[16, 17, 18, 19] and in this thesis the first successful application of the method to
a fermionic system on a lattice is presented (chapter 3,4).

The quantum Monte Carlo simulations described in this thesis try to clarify
several problems raised in this introduction. Among them the role of phase sepa-
ration in the physics of the high. compounds, the relevance of the neighboring
antiferromagnetic Mott insulator state and their relation with superconahycti

The occurrence of phase separation in the physical region of the two dimen-
sionalt — .J model is still an open problem. For large coupling strength{ ¢)
using variational arguments (chapter 4) it is easy to see that the holes alle&gxpe
from the antiferromagnetic background so that the system prefers to phase sepa-
rate in a hole rich region and in an electron rich one.

Since the physical value of the ratigt is at intermediate strengthl (= 0.4¢),
where the above arguments are not valid, the issue has been investigateerhly sev
numerical techniques. Exact diagonalization [10] has shown that phase separation
occurs at all strength in the model, but the size considered are too smallrigr be
representative of the thermodynamic limit. On the other hand high temperature
expansion [20] found a completely different phase diagram in which phase sepa-
ration was confined in the strong coupling regindex 1.2¢). High temperature
expansion allows to obtain results directly in the infinite volume limit,dudfers
from the difficulty of extrapolating to zero temperature an high temperaguiess

An even more delicate question regards the occurrence of superconductivity
inthet — J model. The results obtained in literature are contradictory.

Using variational Monte Carlo simulation, Gros [21] found enhantedave
correlation functions, but an improvement of the variational wavefunctiagh wi
one Lanczos step has led to striking controversial results, confirming[22, 23] or
denying [24] the presence of superconductivity.

Recently density matrix renormalization group calculation showstthatave
correlations are depressed due to the presence of stripes. Stripes cambedem
adding to the Hamiltonian a next nearest neighbor hopping term which allows the
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simulation to recover the uniform solution, and then superconductivity occurs.

All these contradictory results have been obtained by numerical techniques
that introduce some approximation in order to deal with the sign problem insta-
bility. Moreover these approximations are local and improve only short range
quantities such as the energy or the nearest neighbors correlations. Indeed, while
these methods allow to obtain less thid of accuracy on the ground state en-
ergy, the accuracy on the antiferromagnetic or superconducting order parameters
is very poor. It is reasonable to believe that any calculation involving loag di
tance operators, as it has been typically done in literature so far, may be not s
accurate as an expectation value of a short range operator.

In particular if superconducting long range order occurs a very small order
parameter is to be expected (as is shown even from a purely variatitinahtes
starting from a superconductirggsatz and as a consequence a “great” accuracy
is needed in the calculation.

In this thesis a different approach has been considered. It is shown that all
the interesting long range properties of a model can be detected adding a suitably
choserlocal perturbation to the Hamiltonian and computing the energy correction
due to this perturbation. The results of such a strategy, explained in details in
chapter (4), are remarkable. The accuracy achieved is very high and due to the
short range character of the perturbation the size effects are very weak.

This approach allowed to obtain a sound description of the ground state prop-
erties of the two dimensional— J model and to address the delicate question
of a superconducting phase generateijuelyby the strong electron electron
correlation .






Chapter 1

The Copper Oxide Superconductors

1.1 General properties of the HighT, materials

In the last two decades, High superconductivity has been discovered in a fam-
ily of cuprate compounds [1]. Even if several physical details, such as tieatrit
temperaturef,.), change from material to material, there are properties which
are common features. These properties involve solid state structuifesrant
magnetism and superconductivity. In order to develop a general theory a good
knowledge of these similarities is of great importance.

Starting from the crystalline point of view, all the high temperature super-
conductors (HTSC) have a similar solid structure, in which every coppersatom
is at the center of a tetragonal structure composed by oxygen atoms. Moreover
severalCuO, layers appear in the crystal structure and between these layers are
the transition elements (such ks or Ba). A typical example is given by the
Lay §SrsCuQOy (T, = 39K, see fig. 1.1) in which.a atoms lies between layers of
CuO, atoms (one layer per unit cell). A more complex material (the original one
examined by Bednorz and Muller [1]) is th&Ba,Cu3O; (T, = 92K) , in which
there are two neighboringuO, planes per unit cell (see Fig. 1.1). The presence
of CuO, layers in all this compounds led to the belief that a lot of the important
physics is contained in these two dimensional systems. This is supported by the
fact that theCu — O in plane bond length is- 1.94 while the distance between
planes is~ 6.6.4 and so the interlayer coupling can be neglected.
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Figure 1.1: Crystal structure &k, CuO4 andYBayCuzOg

All the High T, superconductors originate from the doping of an Antiferro-
magnetic Mott insulator with non magnetic impurities. The antiferromagnetic
character of the undoped system is given by the copper which in the solid has a
valenceCu®* and has an hole in th/ shell, namely has a net magnetic moment.
The oxygen is magnetically neutral and due to his mediation there is a net superex-
change coupling between the in plae atoms [25]. Since there is an effective
odd number of electrons per copper atom a metallic behavior should be expected,
but due to the strong correlations the undoped system is an antiferromagnetic Mott
insulator. In the case dfa,CuO,, doping is achieved in two different ways; sub-
stituting La®** with Sr?* or insertingO?~. These two different kind of doping
lead to quite different properties in the material. Hresubstitution is equivalent
to adding holes in th€uO, layers (i.e. extracting electrons) while the oxygen
insertion increases the number of electrons. Moreover the additiotialons
are mobile and are able to screen a charge imbalance, leading to ratbesrdiff
physical features.

An analysis of the phase diagram (see Fig. 1.2 ) of the considered materials
shows that by hole-doping the antiferromagnetic long range order of the ground
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Figure 1.2: Experimental phase diagram of dopegCuO,

state is immediately lost (close o~ 0.03) and superconductivity appears {

0.08). T, reaches its maximum value @&t~ 0.15 which is usually called optimal
doping. When electron doping is considered antiferromagnetic long range order
is stable up t@ ~ 0.11,0.12 and superconductivity occurs immediately after.

A very important similarity between high. materials is given by the symme-
try of the superconducting gap. In a BCS superconductor the gap has an s-wave
symmetry, isotropic in momentum space. There is now a wide consensus that in
highT, superconductors the pairing occurs id,a_,. symmetry. Experimentally
this was detected by SQUID measurements in Josephson junction between BCS
and hight’, superconductors [26].

The critical temperature varies a lot, ranging frad¥i (Nd; g5Ceq.15CuQ,)
to 133K for the case oHgBa,Ca,Cu3Og. 45 [27], which represents the compound
with the highestl, discovered up to now. These values must be compared with
the critical temperature of a standard BCS superconductor which is typieadly |
than4 K. So even if their critical temperatures are rather different theyestine
common properties of being too high for conventional superconductors.
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Figure 1.3:a exponent (left) and critical temperature (right) as a function of dop-
ing for Lay_sSrsCuQOy [28]

1.2 Isotope effect

In the BCS type superconductors the pairing between the electron is given by an
effective attractive electron electron interaction which origgsdtom the electron
phonon interaction. This evidence was experimentally achieved through isotope
effect measurements dhi. [29]. In a conventional superconductor the depen-
dence between the critical temperature and the isotope massdsV/ —“ where
a ~ 0.5. The oxygen isotope measurementsyiBa,CuzOg, Showed that the
value of thea exponent is less them1 [30]. This value is by far too small to
think that the electron-phonon interaction alone can be responsible for the pair-
ing. ForLa,_sSrsCuO, the behavior of the exponentis much more complex
and depends on doping [28, 31]. In fig. (13)and the exponent are plotted
as a function of doping for this material. Thencreases up to the large value of
a ~ 0.5 for dopingd = 1/8 but then decreases by a factorsadt optimal doping,
reaching the same order of magnitude of the one detecté®#CuzOg., 5.

The 1/8 anomaly is still an open problem. In a parent compound, namely
Lay_sBasCuQy, it was found [32] that ab = 1/8 a structural phase transition
from a Low Temperature Orthorombic (LTO) phase to a Low TemperaturegFetra
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onal (LTT) phase occurs. This phase transition involves a tilting of the oxygen
octahedra and clearly phonons must play an important role L&or;Srs;CuOy

there is no evidence for such a phase transition, but maybe the system is approach-
ing such instability. The /8 anomaly involves even the critical temperature since
there is a local minimum df. at this doping fraction.

The experimental measurements of thexponent show that the isotope effect
is very small at optimal doping for both the compounds. These results suggested
that maybe the pairing could be given by the strong electronic correlations and not
only by the electron-phonon interaction.

1.3 Phase Separation

The coexistence between holes and electrons i’th@, layers has been a very
discussed issue over the years. Several authors [11, 10] suggested thairsuperc
ductivity could be connected with the phase separations of electrons and holes in
these layers.

Phase separation was observed in the oxygen doped compounds using Neutron
Powder Diffraction (NPD) [33] and Nuclear Magnetic Resonance (NMR) [34].
The experimental data showed that the system is separated in an oxygen rich and
in an oxygen poor region. The NPD experiments found phase separafior at
320K and for an oxygen insertion greater thafb. Similar results were obtained
by NMR[34]. No evidence of phase separation has been found in the hole-doped
compounds.

In order to understand the appearance of phase separation in the oxygen doped
compounds it is important to recall that the inserted oxygen ions are mobile in the
solid. As a consequence these ions are able to screen the long range coulomb
repulsion due to the charge imbalance connected with the phase separation insta-
bility. This is not the case of the hole doped compounds. The interplay between
this effect and superconductivity is still an open question.
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1.4 Magnetic properties

Through Neutron Scattering and Nuclear Magnetic Resonance (NMR) experi-
ments it is possible to carefully analyze the change of the magnetic properties
of the HTSC materials upon doping. Measurements of the Neutron Scattering
cross section provide informations on the spin-spin structure factor of the sample
As a consequence of the antiferromagnetic long range order, the undoped com-
pound shows a sharp peak in the spin spin structure factor at the antiferromnagneti
wavevector() = (m, ). In the case of thea,_;Sr;CuQ,, as the sample is doped
with Sr, this peak broadens and at a dopéng 0.05 disappears and incommensu-
rate spin fluctuations arise close to thgoint [35, 36, 37] at positiongr, 7+ 2er)
and(r + 2er, ). The dependence of the incommensurabiityith doping [37]
is linear for0.05 < § < 0.12 and after saturates (see fig. 1.4). A striking feature is
that the angular coefficient of the linear relation between the incommenstyrabili
and the doping fraction is exactyr.

0.15

Intensity (counts /40 min)

D05 |

0 0.05 0.1 0.15 0.2

Figure 1.4: Left: Spin fluctuations in the dynamical spin structure factor at
0 = 0.14. Right: Linear dependence of the peak position on dopénige{ng
the distance frond) = (7, ) in units of2) [37]

X ray diffraction measurements [38] has shown that similar incommensurate
peaks occur in the charge structure factor but close td'the(0, 0) point with an
incommensurability which is twice the spin structure one. This behavior has been
explained by a domain walls ordering of holes in theO, layers as is shown in
Fig. (1.5). The half filled hole stripes separate antiferromagnetic regiondiwhic
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Figure 1.5: Spin and hole structure suggested in [39] at a dapiagl /8. The
hole stripes are half filled. The antiferromagnetic regions are correlatedrby
shift across a domain wall.

are correlated with a shift across a domain wall. The modulation connected with
the charge is then at low momenta, close tolthgoint, while the spin structure
presents a spin density wave at incommensurate momentum close to the antifer-
romagnetic wavevector.

Mook and coworkers [40] showed that evenYiBa,Cu;Og ¢ these features
are present suggesting that they are a very general property of the HTSC. In
Lay_sSrsCuQ, the width of the incommensurate spin fluctuations becomes par-
ticularly narrow at the doping = 1/8. Neutron scattering experiments ahd
measurements at this doping fractionLiay 5_sNdj 4SrsCuO, [39] showed that
this property occurs together with the anomalous suppression of superconductiv-
ity (an effect which was already discoveredin, ;Bas;CuO, [41]).

Nowadays a satisfactory theoretical explanation of t/i& anomaly is not
present. Even if several theories involving frustrated phase sepabstithre re-
pulsive Coulomb interaction [42] and segregation in “stripes” of the charges and
spins have been proposed, it is not completely clear their relation with supercon-
ductivity, the high value of . and the pairing mechanism.






Chapter 2

Theoretical models for theCu — O
layers

The most important step towards an understanding of the cuprate compounds is
to derive an effective Hamiltonian describing the low energy physics.eSine

of the general features of the HTSC materials is the presen€&i0f, layers

in their solid structure and since the in-pla@e — O bonding is very strong it
seems reasonable to assume that a two dimensional model of interacting copper
and oxygen atoms is able to reproduce common properties of different materials.
This assumption is supposed to be correct at least for the zero temperatioe and
energy behavior. At finite temperature no spontaneous symmetry breaking can
occur in two dimensions [43] and as a consequence no magnetic long range order
can be detected. The critical temperatufg for the superconducting transition,
which is a really material dependent quantity, should require a more comglicate
model taking into account inter layers coupling.

As was suggested by several experiments, in particular the isotopic@ffact
T,, a different kind of pairing is to be expected for the HTSC, maybe related only
to the electronic correlations. Since the aim of this work is to understandisvhat
the main physical interaction leading to high temperature superconductivity only
models which take into account the electronic correlations will be considarkd a
the role of phonons will be completely neglected. This hypothesis is adopted
since the question is: it is possible to have an electron pairing mediatedbynly
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the electron electron repulsive interaction ? In the case that such kindrioigpa
really occurs, then phonons may enhance this effect.

2.1 Derivation of the models

Due to the crystal field anisotropy, the atomic degeneracy of the caplesels

is broken and th&d,._,. orbital is the highest in energy. Ab initio calculations
[44, 45] show that the band crossing the Fermi energy has maihly & charac-

ter. As a consequence it is possible to take into account only one single orbital for
each copper atom. In a similar way all the oxygen orbitals apart frorihie

well below the Fermi energy and need not to be considered. Neglecting hibridiza-
tion betweer2p and3d,2_,» the situation is that of a completely filled atonzie
orbital and an half filledd,._,.. The statg3d,_,»1, 2p2) will be considered as

the reference vacuum. On the vacuum state act the oper&forseating a hole

of spino at sitei in the3d,»_,», andp;’, creating a hole of spin at sitel in the

2p orbitals (where refers to the positions of copper atoms, whitg oxygen). In

order to write a full Hamiltonian it is necessary to take into account th@@nb
repulsionl/; andU, between holes on the same atom (copper and oxygen respec-
tively), the repulsiort,; of holes on different atoms, the strong hybridizatiops
between theld,._,. and2p orbitals and the hopping amplitudg, between two

near oxygen atoms (see fig. 2.1) :

H = Y eqdidis + > ephpio+ > Usdidndidi, +

1,0 l,o 7

+> Upphpuplipn + Y tog (dbpie + 1y dio) +

l <i,l>,0
+ Z té,}l)’ (pl_t_gpl’,a +pl,ap;—,g) + Z Upd d;;diapl_tﬂpla’ (21)
<L,lI'>,0 <i,l>o,0’

wheree, ande, are the on site energies of the holes omtlaadd orbitals respec-
tively. The values of the coupling constants entering in the model Hamiltonian
have been obtained from experimental data by several authors [46, 47] or com-
puted from ab-initio band theory calculations [44, 45] and have been reported in
table (2.1).
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Parameter [48] | [46] | [49] [50] | [51] | [52]
ep—€ | 3.5 3.6 35| 40 | 15
Uy 9.4 | 10.5 8.8 | 10.0| 9.0
Upd 08| 15|06-1.3] <1.0| 0-1 | 15
tpd -15|-13| -16 | -1.3 |-1.38|-1.07
oy 0.6 | 0.65| 0.65 | 0.65 | 0.33 | 0.53

Table 2.1: Summary of parameters valuedin) for La,CuO, obtained from ab
initio band structure calculations. The numbers between square brackets on the
top of the columns label the reference number.

At half filling (the case of the undoped material) there will be one hole for
eachCuOy4 square (see fig. 2.1). Sinde= ¢, — ¢; > 0, the hole will occupy the
copper orbital. Upon doping, other holes are added to the system and[gince
is very large compared td, it will be energetically more favorable to occupy the
oxygen orbital. In the strong coupling limit; >> A there will be only one hole
per copper atom.

However the system may also gain energy from the hybridization term and

build delocalized hole states over tieO, squares. Starting from this hypothesis
Zhang and Rice [12] showed that in second order perturbation theory the singlet
state between the two holes is energetically favored (“Zhang and Rigkes).
As a consequence the creation of an oxygen hole is equivalent to the creation
of a Zhang and Rice singlet on the copper atom and the movement of this hole
through the lattice can be described by an effective hopping of the singlet state
between different copper atoms. In this way the oxygen atoms are eliminated and
an effective one band Hamiltonian can be derived{the/ model Hamiltonian:

H=-t> (¢fej+cfe)+7T> Si-S; (2.2)
<ij> <ij>
where the Heisenberg term describes the superexchange spin interactiombetwee
the copper atoms in the strong coupling lin@i{;(>> A) and the constraint of no
double occupancy has to be understood.
In order to achieve consistency with the strong coupling limit of the one band
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Figure 2.1:3d,2_, orbitals of theCu atoms andp,,2p, orbitals of theO atoms.
The three band Hamiltonian parameters (see text) are also shown.

Hubbard model at orde? /U [53], an attractive nearest neighbor density-density
term proportional to/ is usually added to the Hamiltonian,

H=-tY (cte;+cfe) +1 Y (si S, — ”47”) (2.3)

<ij> <ij>
This term is not present in the derivation of the model as presented by Zhang
and Rice [12] and its effect is of enhancing the attraction between the MWkes.
will refer to thet — .J model Hamiltonian as the one including the nearest neighbor
attractive density-density interaction.
The antiferromagnetic couplingcan be obtained from fourth order perturba-
tion theory as [12, 54]:

4t 1 2
T (A +Igpd)2 [id oA T UJ (24)
At half filling the ¢t — .J model reduces to the two dimensional Heisenberg antifer-
romagnet which is known to have a singlet ground state [55], insulating and with
antiferromagnetic long range order [56, 57, 58, 59, 60]. This model is supposed to
give an accurate description of the undoped parent materials at zero teunperat
Due to this relationship, the— .J model describes the doping of an antiferromag-
netic insulator with non magnetic impurities, which is the relevant caséhor
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HTSC compounds.

2.2 Known results and open guestions

2.2.1 Phase separation

One of the most important questions raised in the context of high temperature
superconductors is if the strong competition between hole propagation and anti-
ferromagnetic order in th€uO, planes leads to the segregation of holes in regions
without antiferromagnetic order. Thie- J model represents a good starting point

to clarify this issue because it takes into account spin interaction anckimae
matics. Moreover it is known that at large value of the ratio phase separation

of spins and holes occurs. In this limit the kinetic term in the Hamiltonian can
be neglected and the energy loss, in unitg pivhen holes are inserted in an an-
tiferromagnetic background is equal to the energy per bond times the number of
antiferromagnetic broken bonds (see section 4.1.1). As a consequence if the holes
are all segregated in a region there is a gain in energy if compared toribe va
tional state having the holes far apart. Unfortunately the physical value of tbe rat
J/t is at intermediate coupling//t ~ 0.4), very far from this limit.

As a consequence many authors have tried to clarify this issue using numeri-
cal techniques. Calculations of exact ground state energies on small latése s
[10] show that phase separation occurs at all strength in the model, but the sizes
considered are too small to be representative of the thermodynamic limite whe
the question is meaningful. In 1992 using high temperature expansion [20] phase
separation was found only for largg/'t, but this method suffers from the diffi-
culty of extrapolating the zero temperature limit of a series knowing onlyva fe
coefficients. Recently [61] Quantum Monte Carlo calculations give sinekults
to the ones obtained by exact diagonalization, but the most important and delicate
low doping region has been studied only with fairly small lattice sizethatthis
result is not surprising. By contrast an improvement of a variational methed (t
lanczos step method) [62] suggests that no phase separation occurs in the physical
region. One of the aim of this thesis is to clarify this controversial isagayill
be shown in section (4.1) in order to detect if the phase separation instability
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really relevant for the physics of the HTSC compounds.

2.2.2 Antiferromagnetism at low doping

At half filling the ground state of the—.J model has antiferromagnetic long range
order. Even if an analytical proof of that is still lacking there is a great numbe
of numerical results [56, 57, 58, 59, 60] that strongly support this scenario. Upon
doping there is not a general consensus regarding the disappearing of antiferro-
magnetic long range order. From an experimental point of view, as was discussed
in chapter (1), the long range order disappears cloge-td).03 — 0.05, but it is

not obvious that the — ./ model is able to reproduce such feature. Calculations
of the spin structure factor by exact diagonalization [63, 64] shows that the anti-
ferromagnetic correlations are resistant up te 0.15, but since the lattice sizes
considered are too small to attempt a finite size scaling it is not eadgritfy the
critical doping for the disappearing of long range order. Moreover the correlation
length might be larger than the lattice sizes considered in [63, 64] and antifer-
romagnetic correlations overestimated. Variational Monte Carlo @loulk on
larger sizes [65] suggests that the critical doping.is= 0.11. In the framework

of thet — J model it is not yet clear if there is coexistence between long range
antiferromagnetic order and superconductivity.

2.2.3 Superconductivity

The belief that the pairing mechanism of high temperature superconductors is of
pure electronic nature has driven a great interest on strongly correlateaber
models. As a consequence an enormous effort has been devoted to the quest of
superconducting long range order in the repulsive Hubbard model andtin-the
model. Nevertheless the results obtained so far on the subject are far fiogn be
satisfactory, mainly due to the difficulty of the calculations and to thelsrahle

of the order parameter.

Exact diagonalization on small sizes for both the models [63, 64], confirmed
the existence of superconducting LRO, but the Quantum Monte Carlo calculations
[66, 67] on the Hubbard model suggests that these results were only a finite size
effect and the order parameter is zero in the infinite volume limit. Intthe/
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model a great number of variational calculations [68, 65, 21] show evidence of su-
perconducting long range order. The improvement of the variational wavefunction
with one lanczos step iteration has given striking controversial resoltsirming
[22, 23] or denying [24] the presence of superconductivity.

Since the existence of superconducting long range order remains the main
request to be fulfilled by a theoretical model in order to describe the HTSC the
main task of this thesis is to understand if the J model has this feature.






Chapter 3

Numerical Method

3.1 Green Function Monte Carlo

3.1.1 Single walker formulation

The Green Function Monte Carlo (GFMC)[69] method is a numerical technique
that allows to filter out the ground state wavefunctjoh of an HamiltonianH

from a given trial wavefunctio)r), provided thatvr|0) # 0. This is achieved
through iterative application of the operatér= A — H to the trial wavefunction,
whereA is a suitably chosen positive constant to allow for convergence. Namely:

A= Ey\*
00|o>+z< ) Cho|n)
< \A~E,

GUpr) = (A — Ep)* (3.1)

whereg is the number of time&' is applied tovyr), C,, = (n|¢r), and|n),E,, are
the eigenvectors and eigenvalues of the Hamilto{arespectively. Ag; goes to
infinity, the iteration converges to the ground state wavefunction exponentially
q.

In practice a basis sét) is chosen (e.g. the spin configuration of the lattice)
and the iteration

Y1 (') = Y Gor othy() (3.2)

is implemented, being’, , the matrix elements of in the chosen basis. If the
latter recursive equation is evaluated in an exact way it is easgddisat one
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obtains, after a few iterations, transitions to a large number of statéisasi is
necessary to bookkeep the full Hilbert space. As a consequence the computation
becomes cumbersome in terms of memory occupation and only small lattise size
can be afforded.

A solution to this problem is to sample the matrix-vector product (3.2) in a
stochastic way through a Markov process. Since the matyix is not a stochas-
tic matrix !, one defines the transition probability between two elements of the
Markov chain as

D o Ga:’,a:
T’ x —
7 bxsx’,x

(3.3)

whereb, = ), Gy 1/5w » @ands, . is the sign of the matrix elemet, ;. In
this way the transition probability between two elements of the Markowcisai
normalized, being, , a stochastic matrix.

The basic element of the stochastic process is the so called “wdlker”)
which is determined by the configuratierand a weights. Eq. (3.2) can be seen
as a stochastic transition from the states x’' and a scaling of the weight of the
walkerw — w' = s, ;b,w.

The task of the GFMC approach is to define a Markov process [70], yield-
ing after a large numbey of iterations a probability distributiof,(w, =) for the
walker which determines the ground state wavefunction, namely:

[ twwPi.) = (el — (alin) 3.4
The evolution of the probability under such process is
Pa

Py (w', 2" Z Py (w' /by 4, ) b5 ] (3.5)

It is easy to see that the evolution (3.5) correctly reproduces the matrigrvec
multiplication (3.2) since, rescaling’/b, — v/,

!

w
wqﬂ(x,) - zx:px’:z / dwlbx|sx/,x| P(w,/bmsm’,ma :U)
= Z G oty ()

A square matrix4; ; is a stochastic matrix if_, A; ; = 1.
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As g — oo itis possible to evaluate the ground state energy of the Hamiltdiiian
as

(¢r|0) (w)
where E, is the so called “local energy” (£, =), Hy,) and the brackets
() are for the stochastic average, namely averaging over the independent config-
urations. The so called “mixed average” of the observablesre also easily
obtained:

‘ (¢r|0) (w)
whereO} = %, Ok .. The configurations generated in the Markov chain will be
distributed, ag goes to infinity, as the right eigenvector of the matrix,,, which
is in general different from0). We can consider the right eigenvector as a trial
state for the initial iteration of the power method and compute the weight of the
walker assuming that iterations before it was equal 1o In this way it is simple
to compute the ground state energy as:

E,, Gk
B = S 38)
where
L
GE=T1] e 500 sirin s (3.9)

j=1
In principle this procedure concludes the GFMC scheme. However several tech-
nical problems arises.

Since the weight of the walker is the results bfindependent products, it
grows exponentially withl, and can assume very large (or very small) values,
implying a diverging variance in the above averages. In the case the weight of
the walker is always positive this instability can be solved introducingt afse
M walkers and defining a reconfiguration process [60] that introduces a small but
controlled bias in the simulation as will be shown in the next section (3.1.2) .

Moreover whenG, . is applied to|y, > it is possible to collect negative
sign contributions tav since the trial wavefunction might have a negative value
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on the configurationz’ >. This case is of great importance when dealing with
fermions due to the antisymmetric character of the ground state wavefunctons. |
practice the weight of the walker collects negative and positive contrisotésat
the average sign afteriterations is:

(5,) = >, [ dwwPy(w, x) N <ﬂ>q (3.10)

>, [ dwlw| Py(w,z) — \ A — E§*

whereE is the “bosonic” ground state energy of the Hamiltoni&i (obtained
by changing sign to the positive off-diagonal matrix elements of the Hamiltonian
H), which is obviously belowt,. The latter result shows that the average sign
decreases exponentially to zero as the number of iterations is increasauly lea
a small quantity which is very difficult to sample. The so called “sign potil
instability [71] limits in a severe way the application of the GFMC technique
to fermionic systems unless some kind of approximations is used (Fixed Node
Approximation, Green Function Monte Carlo with Stochastic Reconfiguration).

3.1.2 Reconfiguration process in the absence of sign problem

ConsiderM walkers and label the corresponding configurations and weights with
a couple of vectorgw, z), with each vector componef;, z;) i = 1,---, M,
corresponding to thé" walker. Suppose that all the weights of the walker are
positive in the stochastic process; , = 6,7 ,. Itis then easy to generalize Eq.
(3.5) to many independent walkers:

Ppa(wz') = Y Pylwi/bay,w/byy, - wr/byy, 1,72, - Tpr)

T1,X2y-5T M

(pm'l,mlpxé,xz o 'pm'M,xM) /(bml bmg e be) (311)

If the evolution of P is done without further restriction each walker is uncorrelated
from any other one and :

P(w17w27 e, W, X1, T2,y 0 xM) = P(wlaxl)P(wan2) t P(wMaxM)
(3.12)
The moment of ordek over the weight variable can be defined as:

Xpg(z) = / duw, / dws - - - / dwy (3.13)
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> (Mt i b i)

z

Since we are interested only in the first momenfofve can define a recon-
figuration process that changes the probability distribuffprvithout changing
its first moment, and in this we follow [72]:

Pws) = [ LK@ dwoPwo ] (319

M E .’LU'(S i
o, _ g Z;, Ty 1 ijj
K(w', o'sw,z) = Z‘|_|1(—ijj )5(10,» =) (8195

Hereafter the multiple integrals over all the variables are conventionally short-
hand for [ [dw]. Note that the defined kernél is normalized:

/[d@]ZKzl

In practice this reconfiguration process amounts to generate a new &et of
walkers(w’, z) in terms of the given\/ walkers(w;, z;) in the following way.
Each new walkew?, z’; will have the same weight = % and an arbitrary
configurationz’, among the possible old ongs; };—i ..., chosen with a prob-
ability p, = wg/>_;w;. Itis clear that after this reconfiguration the néw
walkers have by definition the same weights and most of the irrelevant walker
with small weights are dropped out (see fig. 3.1). This is just the desired recon-
figuration which plays the same stabilization effect of the conventional bragchi
scheme.[69, 58]

Itis well known that the control of the population sixintroduces some bias
in the simulation simply because some kind of correlation between the wadker
introduced. However for high accuracy calculations this bias often becomes the
most difficult part to control. It is possible to prove that the reconfiguration of
the M walkers defined in (3.15) does a better job. Though this reconfiguration
clearly introduces some kind of correlation among the walkers, it can be rigor-
ously proven (see A.1) that the first momentaim,(x) of the distribution ofP,

is exactly equal to the on&; (z) of P, obtained after the reconfiguration. This
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wmvows | ecounounon | e | 50
(. %) » | (w.xl=x) | D1
(w,,x,) (w,x, = x,) | 123
(Wy.x3) (V_V, X=x)| i)
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Figure 3.1: Example of reconfiguration process in the absence of sign problem
for a population oft walkers. The new walkers after the reconfiguration have the
same weighto but different configurations from the walkers before the reconfigu-
ration. j (i) is the mapping between the new and the old population. This mapping
must be saved in order to perform the forward walking technique (section 3.1.7)

means that there is no loss of information in the described reconfiguration process
and

X! (x) = X 4(x) (3.16)

3.1.3 From power method to exact imaginary time propaga-
tion

In order to have non negative diagonal matrix elements,in, = Ay, — Gor s

it is necessary to choose the constann eq. (3.1) large enough. However an
exceedingly large value of -which is often the case especially for fermions- de-
termines a slowing down of the algorithm, since there is a very small pratyabil
~ 1/A to accept a new configuratiarh and the algorithm remains almost always
stacked in the old one. Thus one needs much more power iterations (3.2) to
generate statistically independent configurations and the auto correlatiopetime
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comes very large. In order to overcome this difficulty, following [69]sibetter
to determinea priori the number of diagonal moves before an off diagonal is ac-

cepted. Thus one can generate each time a new configuration without caring of a

very large value of\. The probabilityp, to remain in the same configuration can
be written as
A= Hy,
A—FE,
whereFE,, is the local energy. Givep,, the probabilityt(k) to makek diagonal
moves before the first acceptance of a new configuratios (r) is t (k) = pk(1—
pq) If k is less than the number of trials- that are left before approaching the
successive reconfiguration process, aphg-) = p),”. In practice the algorithm
after each reconfiguration proceeds as follow:

Pa = (3.17)

1. Setny = k,, wherek, is the number of power iteration between two differ-
ent reconfigurations.

2. Extract a random numbén0 < ¢ < 1) and choosé as,

k = min (nT, [%]) (3.18)

where the square brackets denote the integer part.
3. if K > nr go to number 7.
4. update the weight of the walker in a way consistent withagonal moves.
5. Perform an off diagonal move.

6. Rescalei in ny — k — 1 and go to number 2.

7. Perform the new reconfiguration and then restart the procedure from number

1.

In this way it is possible to choose even an infinite value of the conatanot
that the power method (3.1) can be cast in an exponential form. In fact choosing
k, = AAT, with A7 fixed, the usual propagator can be written in exponential
form, A¥»(1 — H/A)* o e #27 asA — oo. ThusA, represents the imaginary
time difference between two successive reconfiguration schemes.
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3.1.4 Importance Sampling

One of the most important advantages of the Green function Monte Carlo tech-
nique is the possibility to reduce the variance of the energy by exploiting some
information of the ground state wavefunction, sometimes known a priori on phys-
ical grounds [71]. In order to understand how to reduce this variance, we just note
that the power method, as described in the previous sections, is not resiicted t
symmetric matrices, simply because we never used this property of thdtbtami
nian matrices. Following [71] we consider not the original matrix , but the non
symmetric one:

G$,,x = wg(l‘,)le’x/wg(fI})

where is the so calledquiding wavefunction , that has to be as simple as
possible to be efficiently implemented in the calculation of the matrimeles
and , as we will see, as close as possible to the ground state of

In order to evaluate the maximum eigenvalue6f corresponding obviously
to the ground state df, the local energy~, is now given by:

By, =Y va(@)Hya, [ta(@n) =Y Hy, (3.19)

where, for simplicity of notations, the bar over an operator represents thee sam
operator after the importance sampling transformation. This i§ exactly equal
to the ground state o then, by definitionFE,, = E,, independent of,,. This
is the so calledero variance property satisfied by the method. Namely if the
guiding wavefunction approaches an exact eigenstate ohe method is free of
statistical fluctuations. Of course one is never in such a fortunate situlatioby
improving the guiding wavefunction one is able to considerably decrease the error
bars on the energy. This property is very important and non trivial.

As a consequence of the importance sampling transformation, in order to com-
pute the mixed average estimator (3.19) for general operators it sufficesato intr
duce the quantity

Ol;,x’ = a(2")Oa (x) (3.20)

and substitut®” , with O% , in equation (3.7).
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3.1.5 Fixed Node approximation

As we have seen when the weights of the walkers are not all positive it &/alw
possible to define the transition probability for the stochastic process butfeven i
the Markov process converges to a probability distribution which deterntiees
ground state wavefunction, calculations are unfeasible due to the large fluctuations
of the weights due to the “pathological’ cancelation between positive and nega-
tive weights. It is then necessary to revert to some kind of approximation. The
most popular one is the Fixed Node (FN) approximation[15]. In this approach an
effective Hamiltonian/¢// is defined, starting frondZ, and setting to zero the
positive off diagonal elements @f

agell —

z' .,z

Hm’m if Hx’x<0
{ @ ! - = (3.21)

0 if Hy,>0
as a consequence the diagonal term has an additigmal- flip contribute:
HY = Hyp+ V() (3.22)
V(o) = Y Hug (3.23)
Hyr ,>0and o' #x

It is possible to prove (see A.2) that the ground state of the effective Hamaift
He¢!f is a variational upper bound for the ground state energy of the Hamiltonian
H.

A slight generalization of the fixed node approximation can be obtained defin-
ing the effective Hamiltonian in a different way. Indeed reversing tge sf the
positive off-diagonal matrix elements &f and multiplying them by a constant
~ > 0 one obtains:

_ Hy, if Hy,<O0
L= Tre = (3.24)
—YHy o, it Hp o, >0

As a consequence the diagonal term must be changed as
H = Hypo + (L+7)Viy (@) (3.25)

whereV;,(z) is defined in (3.23). Note that the standard Fixed Node dynamic is
recovered with the parameter choice- 0, while the case withh = —1 is the op-
posite limit in whichf7¢// = H, the so called "nodal release”. In appendix (A.2)
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it is proved that even this case gives a variational estimate for the gistatel
energy. The dependency anof the ground state energy is shown if Fig. (3.2).
The energy only slightly depends grand the lowest value can be obtained in the

E(6)

ED

-0.654 - —
-0.656 —
'—{r—i—i———i—i—i—i——ﬁﬂ
-0.658 - —
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v

Figure 3.2: Fixed node (empty dots) and stochastic reconfiguration (full dots)
energy dependence an

standard fixed node framework & 0). Nevertheless the introduction pfallows
transition to states on different nodal regions. This feature will be extelysiv
used in the framework of the Green Function with Stochastic Reconfiguration.

3.1.6 Green Function Monte Carlo with Stochastic Reconfigu-

ration

The Green Function Monte Carlo with stochastic reconfiguration (GFMCSR) [16,
17] is a systematic improvement of the FN dynamic that allows to sampléghe s
crossing the nodal surface of the guiding wavefunctions. The Green furigtign

is connected to the FN or@:ﬂf; by a pre-factoss,, ,:

Gx’ x — Sz'x Geff

T’z

(3.26)
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where the pre-factot, , is given by

1 if Gu,>0
Sul i = -1/ if Gupo.<0 (3.27)
A= Hoe if z=2a

A—Hy z—(1+7)Vs5(x)

In the simulation both the dynamics are present at the same time. Simdarly
what was done in eg. (3.3) one defines

by =>» GiI! (3.28)

ml

and then develops a stochastic process with the following form:

1. Given the walkefw, ), change the weight by scaling it with:

w — byw .

2. Generate randomly a new configuratidmaccording to the stochastic matrix
Do -
3. Finally multiply the weight of the walker by, ,:

!
W — WSy 4

Without the latter step the Hamiltonidin®// is sampled. The walker can be char-
acterized by the triat, we//, z) wherew®// are the FN weights. IP,(w, w®//, z)

is the probability of having a walker with weight, w*// in a configuration: after

q iterations, the propagated wavefunctions of the two dynamics will be represented

by:
Y(z) = /dweff/dwaq(w,weff,x) (3.29)
w;ff(:v) = /dweff/dwwefqu(w,weff,x) (3.30)

and itis straightforward to check that the evolution of the probability in thekivta
vian process is

P,(w', w' x b2p|2f | (w, w! | x). (3.31)
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Given M walkers

= wt T
)= {0} (3.32)
the generalization of (3.29) to the many walkers case is given by:
Z ; W '6:1:,:1:]-
wo) = [lau) 32 =0 Py, a) (333)
e Z ] w?ffém’m]_
v = [l YD = ) (334)

z

and the symbo| [dw] is a shorthand for the)/ dimensional integral.

The two equations (3.33) show that the statgé’(x) and1,(z) are not
uniquely determined by the distribution probabili}(w, z) but, as was done
in the case where no sign problem occurs (3.1.2) [60], it is possible to change
the probability distribution without losing information of the quantum mechani-
cal state. It suffices to define a new probability through a linear transfarmati

Fy(w',z') = /[dw] Y KW, 2w, z)Py(w, ) (3.35)

where now the kernel of the integral equation is defined as

M
Gy 5:,3(:,3. - W
K, ziwz) = [] (—Zg? |J£|] | ]) o(wj — 5_172]{4 “sgn gy1) 6(wiT " — |w)])
i=1 J 19T

(3.36)

andj = sz‘zzﬁ is the average sign after the reconfiguration.
J 19T

In Eq. (3.36) the only thing which is left to define are the. If no sign
problem occurs it is easy to see that the chgice= w; = wj-ff leads directly
to the results of section (3.1.2). If the simulation suffers for the sign problem
instability the latter choice is unfeasible and better choices are negdssghe
Gz -

If the quantum state of the system is conserved before and after the reconfigu-
ration the following relation must hold, namely

(@) = ty(x) (3.37)
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In practice this relation cannot be satisfied with a simple choicg, of Then a
less strict constraint is required. LgO*} | , be anumber of suitably chosen

:::::

observables and impose the following constraint,

S gla) = Y () (3.38)
> 0k by(x) = Y O 1 (x) (3.39)

It is possible to prove [16, 17] that in order to fulfill the conditions (3.38) it is
sufficientthat the following holds:

Z]"Il gm]. OI’,Ij _ Zj,m’ ijI/Jj
Z]’ G, Zj wj

meaning that the the mixed average of the chosen observables are conserved in
the reconfiguration process. A possible choice forghes

(3.40)

— el
ng - w]

1+ o (0’;]_ — Okl )] (3.41)
k

whereOf = % and Okl = %L The coefficientsy;, are to be
J
obtained requiring that Eq. (3.38) hold. ll_hIS requirement involves the solution of

the following linear system fat;, [17]:

Z § Zj w]cjff (Olg?]- _ Ok,eff) (lec; _ Ok’,eff) _ Zj w;(OF — Ok-ef1)
% ’ Zj w;ff Zj wy

(3.42)
Once they, coefficients are completely determined then the new weights after the
reconfigurations are determined by Eq. (3.35,3.36),

w =0 12 i ———signg,. (3.43)

3.1.7 Forward walking

The Green function Monte Carlo method can be used with success to compute
also correlation functions on the ground statéfofln fact it is simple to compute
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expectation values of operators that are diagonal in the chosen basis, so that to a
given element: of the basis corresponds a well defined valieg) = (z|O|x)

of the operator. By the Green Function Monte Carlo technique, as we have seen,
configurationsw, x are distributed according to the desired wavefunctigfx),

or ¢y (x)g(z) ifimportance sampling is implemented. However in order to com-
pute< O >= (1y|O|1y) a little further work is necessary as the square of the
wavefunction is required to perform the quantum average. To this purpose the
desired expectation value is written in the following form:

‘m (YalGN OGN [pq)
NN=oo (tha| GV TN |ihg)
From the statistical point of view Eq.(3.44) amounts first to sample a configuration
x after N’ reconfigurations , then to measure the quan(tity)|z) and finally to
let the walker propagate forward for furth&rreconfigurations.

If all the weights of the walkers are positive definite (or in the framework of
the fixed node technique) in order to evaluate the stochastic average an approach
similar to what was done for the energy is clearly possible. The only change
to expression (3.8) is to replade;; with the average measured quantity, =
% Zj O7 at the generation and change the corresponding weight factors in (3.9)
as:

(0) =

(3.44)

L—-1
L _ I .
j=—N

where we denote witlv} the value of the diagonal operatoron the configu-
ration z; of the j* walker, at the iteratiom. Indeed these new factors (3.45)
contain a further propagation &f reconfiguration processes as compared to the
previous expression Eq. (3.9). It is important that bbtttorrecting the bias, and

N, correcting the quantum average of the operator are finite, due to the exponen-
tial growths of the fluctuations a& and L increase. On the other hand, these
fluctuations can be controlled by enlarging the population &izeand the method

for M large enough remains stable. A further condition is however necessary in
order to control the bias in the forward walking technique. The set of measured
valuesO? with weight factors (3.45) has to be modified after each reconfiguration
process occurring in the forward direction. In practice after each recoafigar

it is important to bookkeep only the valu€s of the observables that survive after
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Figure 3.3: Staggered magnetization for the2D, S = 1/2 Heisenberg model
[60] for increasing lattice sizes (from top curve to bottom curve) as a fomcti
of the forward walking iteration number N computed with the forward walking
technique. The number of walkers for each lattice size ard is- 1000, 2000,
3000, 3000, 3000 and L = 36, 64, 100, 144, 256 respectively.

the reconfiguration (we omit in the following the superscrigor simplicity). In
other words after each reconfiguratioh = Oj(i) for: =1,--- M with the inte-
ger functionj(i) describing the reconfiguration process in our scheme (after any
reconfiguration the walker with indexassumes the configuration with indgx)
before the reconfiguration, see Fig. 3.1).

In order to implement recursively the forward walking it is useful to stdre
each reconfiguration process the integer functigi) for each reconfiguration
n and the value$); of the operatoiO for each walker. Then it is possible to
compute the relevant configurations contributing to the opetaiaiter N recon-
figuration process by a recursive application of the integer functipnsamely
O; = OjN(qu (i) ) An example on how this scheme works is shown
in Fig.(3.3). As itis seen itis simple to reach the exact ground statege/era

In appendix (A.3) it is proved that the bias control property (3.16) is satisfied
even in the framework of the forward walking technique.
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3.1.8 Hellmann-Feynman theorem

The calculations of observables in the framework of the GFMC technique can also
be done using the Hellmann - Feynman theorem. Consider the Hamiltéhian
having ground state enerdy; and let be) the observable that has to be computed.

If the following perturbation is added to the Hamiltonian

H(h)=H + hO (3.46)
the first order correction to the energy can be computed as:
E(h) = E(0) + h(0]0O]0) (3.47)

where |0) is the unperturbed ground state. As a consequence it is possible to
evaluate the expectation val(@) as

(0) = lim 2P~ E(O0)

lim . (3.48)

In practice it suffices to make several runs for several valués(fcludingh =
0),compute the difference in Eq. (3.48) and extrapolate to 0.

If the matrix elements),, , are not all negative then the addition of such an
operator to the Hamiltonian involves a change in the nodal surface of the guiding
wavefunction which implies a break down of Eq. (3.48). For example in the
framework of the FN approximation, this means that there will be an additional
term in the sign-flip potential since it is possible thiat , > 0. To overcome this
difficulty it suffices to define the following operators

ot - Oy if (?x,,x <0
o 0 if O:p’,x >0
— —Ox/ o if @x’ >0
05 = { e = e (3.49)

and compute the ground states eigenvalue§h),E~ (h) of the perturbed Hamil-
tonian obtained addin@;,,x and();,,x respectively. Then the expectation value of
the operator can be written in terms of

_ B (h) — E7(h)
(0) = Jim, h

(3.50)
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3.2 Application to thet — J model

3.2.1 Action of the Green Function

In this section we present the application of the numerical methods introduced in
the preceding sections to a fermionic Hamiltonian, namely the two dimensional
t — J model (2.3). The basis set chosen in the simulation is the spin configuration
of the lattice {|z)} = {|S7%, ..., S})}, whereS? is thez component of the spin of

the electron on siteéandS? = 0 in the case when on sitea hole is found (e.g. no
electrons are present). Following equation (8:2),, must be computed which is,

a part from a constant, equivalent to compute the action of the Hamiltonian on a
general state of the basis set. For a better understanding of the processexlinvolv
in the application ofd, ; it is useful to rewrite the — .J Hamiltonian (2.3) as:

Ht,J =K + Vflip + Vdiag

where
i — g 37 (sis; - ) (3.51)
<i,]>

K = —t Z Kij=—t Z (c¢cj +¢fei) (3.52)

<i,7> <i,j>
i = 2 Z vt = = Z (SFS: +S;75) (3.53)

<i,j> <i,j>
(3.54)

are the diagonal part of the Hamiltonian, the kinetic energy term and the spin-
flip interaction respectively and the constraint of no double occupancy is to be
understood. Sinc&% is diagonal in the chosen basis set its action over a vector
|z) does not change the spin configuration of the lattice. It is more interesting
to understand what transitions between states— |2') are involved when the
off-diagonal part off;_; is applied to a vector of the basis set. The kinetic energy
term K;; gives a non zero contribution to the energy only when acting on an empty
j (7) site and on an occupiedj) site causing the electron to hop from site site

j (j to1) (see Fig. 3.4). Since energy is gained in making an hopping this term
tend to delocalise the holes and to avoid a segregation of holes in one region.
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Figure 3.4: Action of the different off diagonal interactions in the Hamiltonian.
K;; hops the electron from an occupied site to an empty one, W;fill‘é acts on

two anti parallel neighboring spins flipping them. The moves obtained exchanging
i = j are also allowed.

On the contrary the spin-flip potent@ﬁ”” gives a non zero contribution only
when acting on states in which both siteand j are occupied but with differ-
ent component of the two spins along thexis. As is clear from Fig. (3.4)
this potential exchanges two spins and generates a spin-flip. Due to the fact that
the super-exchange coupling constdnis greater than zero (antiferromagnetic
coupling between the spins) this term gains energy expelling the holes from an
antiferromagnetic background and segregating them in one region (as can be also
noticed considering the strong coupling limit;> ¢, and comparing the energies
of the variational state with holes far apart with that of holes segregatede
region).

The physics of the — J model Hamiltonian lies in the competition between
these two terms, the hole repulsion of the kinetic energy and the spin attraction
of the super-exchange interaction. This competition is crucial since the physical
value of the ratio//t is at intermediate coupling [45]J/(t ~ 0.4).
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3.2.2 Importance Sampling

A fundamental ingredient in the GFMC is the choice of the guiding wavefunction
Ya(z) in order to perform importance sampling, as described in section (3.1.4).
An ideal guiding wavefunction must satisfy some important requirements.

First of all it must be a good approximation of the ground state wavefunc-
tion ¢y (). A variational calculation is always good starting point to detect how
accurate this ansatz is.

Itis then important that the same approximation that is made on small systems
(where the result can be checked using exact diagonalization) can be safely ex-
ported to larger ones, without losing accuracy in the calculation. This means tha
the guiding wave function must satisfy tfeze consistency’condition. Suppose
that if A and B are two weakly interacting subsystems of the latger B system
then:

V(A + B) = a(A)a(B) (3.55)

namely as the interaction betwedrand B becomes negligible, the wavefunction

of the larger system must factorize in the product of the wavefunctions of the two
subsystems. If this property is satisfied then the Energy (and any observable not
involving long range correlations) of the large system is additive respect to the
energies of the subsystems and if a reliable estimate of this quantity latdgai

for A or B the same accuracy is preservediin- B.

Finally an ideal guiding wavefunction should also be easily computable, not
involving more then ordef.? operation to detect the value of; over the config-
urationz from scratch and not more thdi¥ to update its value in the transition
from |z) — |z') for a local move like the ones displayed in fig. (3.4).

In this thesis a Bardeen, Cooper and Schriffer (BCS) wavefunction (see ap-
pendix B) has been used [21] by adding a density-density Jastrow factor [73],
namely:

[Va) =PyPaexp {Z v(i — j)nmj} eXp {Z wkC:TCJru} 0)  (3.56)
k

irj
whereP, andPy are the Gutzwiller projector (which forbids double occupancy
on each site) and the projector at fixed number of partidlesspectively.



44

Numerical Method

The long range potential of the Jastrow factdi — j) behaves as/|i — j| as
li — j| — oo [73] and is translational invariant:

o(R) = zZeiqR [1 B \/1 + (cos ¢, + cosqy)/2 (3.57)

por 1 — (cosq, + cosqy,)/2

Concerning the BCS part of the guiding wavefunction, the Fourier transform of
the pairing functionu,, can be obtained from the mean field theory applied to the
BCS Hamiltonian allowing for a superconducting order parame&tess is shown

in appendix (B). Its form is given by the following equation:

Ay
e+ €+ A7

ande, = —2t(cos(k,) + cos(k,)) — i, beingu the chemical potential, which is a
variational parameter in the wavefunction.

In order to perform importance sampling it is important to compute the value
of the guiding wavefunction over a configuration of the basisgetr) = (x|yq).
Here we consider the action of the BCS part over a configuration.

Wg =

(3.58)

(x| BCS) = (0[cp,y - - CRy|CR T - - - CRYt exp{z wR;,Rmc;ﬁcgmiHO) (3.59)
Im
where a Fourier transform has been performed in the BCS wavefunctiofy and
is half the number of the electrons. TH&, ... Ry} coordinates refer to the
positions of the spin down electrons whi{é?, ... Ry} to the positions of the
spin up electrons. Consider the following operators equalities:

_ E + Tt E + o+ —
exp { wR?aRmCR;TCle} CRIiT exp { wR?aRmCR;TCRmi} =

Im Im

_ +
= Crit t Z WR,Rin C Ry |
m

E + Tt E + .t —
exp {— wR;aRmCR;TCRmJ,} CRr;| €Xp { wR;aRmCR;TCRmJ,} =

Im Im

— +
= CRr;i| — E :wR;,RiCR;T
l

(3.60)
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Inserting between every two destruction operators the product of the exponential
of the BCS wavefunction and its inverse and computing the commutators one

obtains:
N N

(z|BCS) = H CRi| — ZU)R’ RiChrs I [lerr + ) wrr,ch | 110) (3.61)

i=1 i
Then left carrying the creation operators in the first of the two products and right
carrying the destruction operators in the second:

(x| BC'S) = Z WRYR, - WRYy Ry (O|CR1L - - - CRy1CR | - - CR, 1|0) (3.62)

where{R; .. .EN} is a set of dummy indices of spin down sites involved in the
summations. Then it follows that [74]:

(@|vg) = det W (R}, R;) (3.63)

andW (R?, R7') is anN x N matrix whose elements are the same of the () w
matrix, the row being determined by position of thes electron and the column
by the position of the" o' electron, e.gW (R}, R}) = wg, ;.

The computation of the value of the BCS wavefunction over a configuration
involves a determinant, an operation demandifigpperations, which is by far
too expensive. The solution to this problem can be found noticing that it is not
necessary to compute this determinant from scratch for any matrix et&me,

(thus would involveV? x L operation as there are L non zero matrix elements in

G , for a givenz)), but it suffices to know how it changes under the two process
of (3.53,3.52). In this way it is possible to update the value of the determinant in
only orderN? operations.

The hopping of an up spin electron from sitg to an empty site?;, produces
the following changes i (z) — g (2'):

('|[Ya) = (w|cgcrrlva) (3.64)

Carrying out the calculation in a similar way as was done before, it igystrai
forward to obtain that, a part from an overall minus sign, which can be negdlect
choosing a proper ordering for the sites,

ve(a') = det W'(R], RY) (3.65)
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and the arrayi”’(R], R;) differs from W (R], R}) by properly modifying only
one row, namely

W'(R], RY) = W(R], R}) + 0u[W (R}, RY) — W (R}, R})] (3.66)

This determinant update is a well known rahloperation in linear algebra, it
suffices to define a vectaory,

vy = W(R],R}) = W(R], R}) (3.67)

so that
det W'(R], R}) = det W(R], R}) |1+ ZW (R!, Rp)v (3.68)

In practice this means that it is necessary to store not only the matiix even
the inverse one. Obviously the inverse matrix need to be updated after a hopping
too,

W'=Y (Rl R}) = W™ (R, R}) + gW " (R], Ry) ZW (R, R))v, (3.69)

where
1

L+ 32, WI(R), Ry)v,
This rank 1 operation on thB” matrix and its inverse is an operation of order
N? since it involves a matrix-vector product. As was stressed before thelaal
tion of a determinant from scratch involves ordét operations, so this updating
represents a speed up in term of computation, at the price of memory, since it is
necessary to bookkeep also the inverse matfix.

A similar optimization can be done for the spin-flip case. As an example
consider the following spin flip:

g=— (3.70)

|y 13 Ry L) — |Ri L R 1) (3.71)
This process involves the calculation of

(vc, CrirCrpCrLYGE) (3.72)
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which leads to the determinanit;(z) = det W’'(R!, R}) where the new matrix
W' differ from the old one by the changing of one row and one column,namely:

W'(Rl,R;) = W(RLR)+
+ Gu(1 — 3;)[W(RF, RY) — W(RL, RY)] +
+ 01— 0)[W(RL RY) — W(R! RY)) +
+ 0udulW(Rl, RY) — W (R}, R (3.73)

This operation involves a rank 2 updating, as can be seen introducing:

of = b(R],Ry) =W(Rl, Ry) (3.74)
ui = (1—6x)[bf — W (Rl Ry)] (3.75)
v = (1=6)W (R, R)) — W(Ry, R))] +

+ 6[W(R],R) — w(RL, RY)] (3.76)

wherebf is aN x L matrix having as columns the value of the BCS potential over
the lattice respect to the position of tiie up electron. Eq. (3.73) takes the form:

wl(RZ-T, Rj) = w(RlT, Rj) + 5ikvj + 5]'111,1' (377)

and represents a change of one row and one column from the initial matrix. In
this case it is not only necessary to bookkeep and updadad its inverse, but
also the quantity! (where from now on the bar over vectors indicate the matrix
vector producti = W' - u). Obviously even the hopping of an up electron has
consequences dfi, but it's quite easy to see that it is a rankipdate.

Even in the spin flip process it is possible to update the determihantV
operations so that the whole algorithm remains of ofder V.

The updating of the density-density Jastrow term can be performed in a very
efficient way noting that it only changes under an hopping process. So considering
the hopping of an electron from siteo sitel, the local electrons density becomes

and as a consequence the Jastrow term changes as:

exp{z v(i, j)nin;} —  exp{ Zv(i,j)nmj} .



48

Numerical Method

exp{ QZ(v(i,l) — (i, k))n; + 20(1,1) — 2v(l, k)}
Z (3.79)

where translational invariance and symmetry of the potential have been used. T
update only involves ordel operations which is by far negligible as compared
to theL x N scaling of the algorithm. In practice it suffices to store a vector (for
each walker) of sizé holding the following producti(=1, ..., L):

v(i) = exp{2> v(l,i)m} (3.80)
l
and to update the vector for any local move (hopping) involving a change in the on
site occupation number. The quantityp{2v(1,1) — 2v(l, k)} does not depend
on the single walker and can be stored in a siniple L matrix.



Chapter 4

Results on the 2D t-J model

4.1 Phase Separation

Consider a physical system at zero temperature composed by two components,
A and B, having density of particle, and pp and total energieg, and &g
respectively. If the Hamiltonian of the system can be written as

H=H,+ Hg+ Vsg (4.1)

where H, (Hpg) is the Hamiltonian of thed (B) subsystem andlsy is a short
range interaction between the two subsystems, then the choice of a variational
wavefunction which is the product of the two non-interacting ground states of
andB leads directly to

EarB <€A+ Ep+EsR (4.2)

where€ is the total energy of the system { B) and&sy, is the expectation value
of Vs over the chosen variational state. For short range models (suchtas the
model considered in this thesi§yy is proportional to the surface interfasebe-
tween the two subsystems and is negligible in the thermodynamic limit, §ince
and&p are proportional to their respective volumés, and L z. On the contrary,
if the lattice sizes considered are very small, the surface can lgmificant por-
tion of the volume and the teryr is far from being negligible. The densigyof
the large systemA4 + B) can be expressed as:

p=pps+ (1 —p)pp (4.3)
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Figure 4.1: Energy per site landscape versus doping for a stable system (a) and
for a phase separated one (b). Energy per hole versus doping for (c) a stable and
(d) an unstable system. The dashed line in (b) and (d) is the Maxwell construction

wherep = L, /L, beingL the total volume. Therefore the energy per dite) at
a given density (4.2), takes the form

E(p) < pE(pa) + (1 —p)E(ps) (4.4)

and the total volume is assumed to be large enough s&thatan be neglected.
If the system phase separates, for all dengjty< p < p, the Maxwell state is
exact and the equality equation (4.4) holds in the thermodynamic limit, namely

E(p) — E(ps)(1 — p) (4.5)
p

E(pa) =

In the application considered the system is always composed by electrons and
holes. The number of holes per volume is the doping fractidémery et al. [10]
pointed out that the occurrence of phase separation is better understood in terms
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of the energy per hole,

en(8) = M (4.6)

whereFE(d) is energy per site at a given doping fraction @nd= F(§ = 0). The
stability condition in terms of the energy per hole can be written as:

dep(9)

)
If the system becomes unstable a minimum in the energy per hole occurs on finite
size and in the infinite volume limit the system follows the Maxwell consioact
which is the dashed line in fig. 4.1(d).
The Maxwell construction in an unstable system is satisidg in the ther-

modynamic limit Since on finite siz€s5 is not always negligible, an exact cal-

>0 4.7)

culation displays a minimum and fails to recover the Maxwell constructiea (s
fig. 4.1). The position of this minimum may be weakly size dependent. In the case
of the two dimensional — J model, we notice that when phase separation really
occurs, large sizes are required to recover the Maxwell construdiign{ 1/S
implying that the energy per site convergedds) ~ 1/L).

4.1.1 Strong Coupling limit

To gain insight on the coexistence of holes and spin irethe — J model it is
instructive to study the strong coupling limit of the theory, namgfly >> 1.

If the kinetic term can be neglected then one can evaluate the energy of the
variational state having two holes far apart in a classical AF backgrouad~{ge
4.2). The energy loss respect to the energy of the uniform AF background is given
by the number of broken AF bonds times the energy per b&)dihes J, namely
AFE = 8B.J. The situation is quite different if the holes tend to form a pair, since
they only breakr AF bonds(AE = 7B.J). This variational calculation suggests
that for largeJ the state with all the holes segregated in one region is much more
favorite as compared to the uniform solution.

The energy necessary to extract an electron from an AF backgroati/is
When the kinetic energy joins the game it can cause the electrons to hop, leading
to a gain in energy which ist. Then if.J/t > 2/B it is not favorable to extract
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Figure 4.2: At strong coupling/ >> t) the energy loss from the antiferromag-
netic background is given by the number of broken bonds. If the holes are far
apart (a) the energy loss8#3.J while if they form a cluster (b) iti§B.J.

an electron from the AF background. As a consequence the fully phase separated
state is unstable to the transfer of single electrons whién< 3.42 (according to
the estimate of the ground state energy given in [60]). Hellberg and Manousakis
[75] considered the low electrons density limit of the model and showed that two
electrons form a bound state o< J/t < 3.4367. The binding of two electrons
is not enough for the occurrence of phase separation, since a gas of free pairs is
not a phase separated state.

The interesting region for the high. compounds is at intermediate coupling
(J/t ~ 0.4) and low doping @ < § < 0.3) and in order to clarify the phase
separation problem it is necessary to revert to some numerical apprammati

4.1.2 Weak coupling limit

Emery et al. [10] suggested that phase separation could occur at all stretiggh in
2d t — J model. Their claim was supported by exact diagonalizations on small
clusters (Fig. 4.7) and by a variational calculation in the weak coupling limit
(J/t << 1). Starting from the assumption that fér— 0 the N}, holes behave as
spinless fermion with the dispersion,

ex = —2t(cos(ky) + cos(k,)) = —4t + tk?
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the energy per site can be computed as:

t o [hr
E(§) = —4t6+ — dk k3
(6) o /
= 416 + 27> (4.8)

wherekr = V/4r4 is the Fermi momentum. The energy per hole is obtained
subtracting the energy per site from the energy of the uniform background and
then dividing by the doping fraction, namely from the contribute of the uniform
AF background

en(6) = % gt 420 (4.9)
From this approach it follows that, even at weak coupling, the energy per hole has
a minimum and phase separation occurs at the critical dopirgy/BJ/xt.

This variational estimate (4.8) for the energy recovers the Nagaoka [76] en-
ergy for the single hole case. This argument is only variational and needs to
be checked by numerical calculations since a not enough accurate wavefunction
could overestimate the tendency of the system towards phase separation.

4.1.3 Quantum Monte Carlo calculations ofe;, ()

The calculation of the energy per hole as a function of the doping fraction has
been performed with the numerical methods explained in chapter (3). A common
feature of these methods is that they rely on a guess of the ground state properties
of the system by the choice of the guiding wave function. At finite doping a pure
d-wave BCS guiding wave function has been used [21, 65] with in addiction a long
range density-density Jastrow factor [73], as was shown in section (3.2 BafAt
filling the guiding function described in [60] allows to obtain the exact ansarer f

€o, as there is no sign problem at zero doping for this particular guiding function.
In what follows the energy per hole is computed inserting the exaattthe given
sizeL for all VMC, FN and GFMCSR calculations. Several authors [62, 61] used
the infinite volume limit fore, even for the finitel. evaluation ofe,(4). On the
contrary the exact, for each lattice size has been used in this thesis and it has
been checked that for the largest size calculations both choicgsledd to the
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Figure 4.3: Lefte,(6) computed with VMC (long dashed line), FN (short dashed
line), GFMCSR (dotted line) compared with the exact results [64, 77] (continu-
ous lines) for &6 lattice size. Error bars are much smaller than the size of the
symbols. Lines (guides to the eye) connect the two and four hole results. Right:
Energy per hole fov = 0.5¢,L = 26,2 and4 holes.

samee,,(6). Indeed the small lattice size results are very sensitive at low doping
the particular choice afy and this may explain the contradictory results presented
in the literature so far.

In Fig. (4.3) the Monte Carlo calculations are compared with the exact Lanc-
zos results for the largest sizé & 26) available in literature[64, 77]. As can be
seen the VMC calculations over estimate the tendency toward phasetsgpara
of the system. The slope of the energy per hole as a functiérobtained with
this approach is very different from the exact one meaning that the accuracy of
a variational calculation is not enough to solve the problem. This difference is
particularly relevant af = 0.5¢ close to the physical region (see Fig. 4.3), where
both the VMC and the FN fails in reproducing the correct slope for the energy per
hole while the GFMCSR succeeds in obtaining the right one.

The FN approximation improves the ground state energy of the best start-
ing variational (and guiding) wavefunction by a factor of three (Fig. 4.3) and the
GFMCSR by another similar factor, yielding finally an accuracy of less 1@
on the energy per hole, which is physically acceptable if compared with the low
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Figure 4.4: Left: e, () computed with FN (dashed lines) and with GFMCSR
(continuous lines) fol, = 50 (triangles) andL = 98 (circles) atJ = 0.4¢.
Righte,(6) computed with FN for several lattice sizes.

energy coupling of the modél ~ 1500k . As shown in Fig. (4.3) this kind of ac-
curacy depends weakly on the number of holes and on the strength of the coupling
constant. However, for small lattices, the main difficulty to detecsphsepara-

tion is the resolution in doping. By increasing the system size (see Fig.4.4), the
difference between the FN calculation and the GFMCSR one remains of the same
order, and much below the VMC energies. Thus the accuracy of the calculation
Is not very much size dependent, even for large systems where no exact solution
is available. All the approximations employed are indeed “size consisteed” (
section 3.2.2) and it is reasonable to expect that the same accuracy obtained on
small systems can be also achieved on larger ones.

By improving the approximation from FN to GFMCSR, the minimum in the
hole energy disappears for the largest size in Fig. (4.4). Moreover the slope in
the energy per hole obtained for th¢2 system size with the FN is very close
to the largest system size GFMCSR calculation, meaning that, at this iegupli
strength, the energy per hole is probably converged to the thermodynamic limit.
This suggests that the occurrence of phase separatigfnt at 0.4 andL = 98
is an artifact of the FN approximation that acts mainly on the kinetic energy te
thus implying a tendency to localize the holes. Nonetheless, as shown in Fig. 4.4,
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even within the FN framework it is possible to obtain the stability of thearmf
phase in the thermodynamic limitdf¢ = 0.4. Phase Separation at thigt value
is only a finite size effect

-06 [~

-08

e,(6)

1.2 N

-1.6

Figure 4.5: Energy per hole versus doping computed with spinless fermion vari-
ational approach (continuous line), VMC (triangles), FN (empty squares) and
GFMCSR (full dots).

Since this calculation strongly disagrees with the variational prediatifi0,
it is instructive to compare this ansatz with our calculations . As is shown
fig. (4.5), where the largest size calculations (supposed to be representatige of
thermodynamic limit) with all the methods are displayed, the variational apiproac
in [10] gives a very poor estimate of the energy per hole. Even VMC is able to
obtain an energy per hole that at low doping is more than a factdtaier than
the variational ansatz.

To clarify the role of the phase separation instability inthe.J model and in
the physics of the higff. compounds, it is of great importance to determine if it
occurs close to the physical region, as was suggested by several authors [10, 11].
It is then necessary to perform extensive calculation at different sadfiehe
coupling strength//t to obtain the phase separation diagram of the model. The
calculation at larget//t were performed o, = 50,98 using only GFMCSR,
since it is the most reliable method for energy calculations on large |&ities
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(Fig. 4.6).

At J = 0.5t andL = 50 the energy per hole shows a minimum at the doping
corresponding td holes. This would suggest that phase separation occurs at this
doping fraction { = 0.08) but as the calculation is extended to the larger size the
minimum almost disappears and orlyoles binds. It is safe to conclude that no
phase separation occurs at this coupling strength.

The J = 0.6t is a bit more controversial since in this case ihesites lattice
calculation of the energy per hole displays a minimum which moves to lower
doping as the system is enlarg®a §ites). Probably thé = 0.6t is very close to
the critical strength for the phase separation instability. In this dasefects are
expected to be large so that evers= 98 might not be an enough large system size.
From the data shown in fig. (4.6) the onset of phase separation has been found at
d. = 0.08t. Indeed clear evidence of phase separation occurs fer0.7¢t and
J = t where both the lattice sizes considered display a very evident minimum
whose position slightly moves to lower (higher) doping fo& 0.7t (J = t).

As summarized in the phase separation diagram picture (Fig. 4.7) we find no
evidence of PS foJ < 0.5¢, and a transition to the phase separated regime at
a critical J. very close td).5 — 0.6. These results are in acceptable quantitative
agreement with Ref. [62, 23, 22] but we believe that this calculation repiese
a much better attempt to control the finite size effects, which are wegppitant,
especially at small doping. Instead, in the large doping region, the best agreement
is found with the exact diagonalization data[10] on small clusters.

On the contrary this results are in evident disagreement with the recently pub-
lished calculation by Hellberg and Manousakis [61] which states that phase sepa
ration occurs at all strength in the 2D- J model. The main difference concerns
the most important and delicate low doping region where the question is mean-
ingful at J = 0.4¢ which in [61] is studied only with fairly small lattice sizes. As
was shown in several examples in this chapter the energy per hole in this region
suffers from huge size effects and a small size calculation, evenyifacaurate,
gives misleading results which are not at all representative of the thermodyna
limit.
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Figure 4.7: Phase separation diagram of 2hdimensionalt — J model com-
puted with FN (full dots) and GFMCSR (triangles). Empty dots are from [10],
the dashed line from [20], triangles are GFMCSR calculatibn= 98) (this
work).Errors are estimates of finite size effect and correspond to tiveelit-
ference between the 98 and 50 site critical doping [78]. Continuous line is a guide
to the eye.
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4.2 Hole-hole correlations

The behavior of the hole-hole correlation functidiig) allows to gain informa-
tion on the charge behavior in t2é& ¢ — J model,

1

N(g) =5 2 e (1= n)(1 ~ my) (4.10)

12¥)
whereL is the number of lattice sites. A divergence at low momenta (close 0 the
point) of the hole-hole correlation function represents a more evident and reliable
mark of the phase separation instability than the calculation of the energy per hol
Moreover if the ground state displays a charge density wave behavior (stripes
[79]) it should be revealed by diverging peaks at incommensurate momenta. As a
consequence an accurate calculation ofXi{g) provides a considerable insight
on the ground state properties of the model.

In order to compute the ground state correlation functidiig) two differ-
ent methods have been used: the “forward walking technique” (FW) [60] (3.1.7)
which allows the direct evaluation of the ground state expectation values akt
pense of very large error bars when the convergence to the ground state is particu-
larly slow, as shown in [60]; the second technique is based on Hellmann-Feynman
theorem (3.1.8), and amounts to compute the ground state efgfgyof the
Hamiltonian in presence of a small perturbatiin ; — H, ; — hN(q). By
Hellman-Feynman theorem the first derivative, estimated numeribglly few
runs for differenti’s, gives (V(q) = - E(h) |4o). The latter technique is much
more stable, especially for large size, but eackalue requires several simula-
tions, whereas a single one is sufficient for the FW technique fgtsalllThus we
have used the more expensive method for the synadlues where the FW con-
vergence is more difficult, and we have checked the consistency of both methods
in the remaining momentum region.

For the 26 site cluster the FN results foi(q) are accurate withird3%, as
compared with the exact diagonalization data in tab. (4.1). In Fig.( 4.8,4.9) the
N(q) is plotted for several doping, lattice sizes and coupling strength. Well inside
the phase separated region,Jat t (Fig. 4.8), N(¢q) shows a divergent peak at
smallq close to thd" point, as can be expected when phase separation occurs. No
features at incommensurate momenta are present and the hole-hole correlations
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(¢, 4y)% | Fixed Node| Fixed Node + Lanczos StepExact[64, 77]
(5,1) | 0.1295(5) 0.1264(3) 0.1253
(4,6) | 0.1436(3) 0.1418(3) 0.1393

(3,11) | 0.1235(2) 0.1257(2) 0.1223
(10,2) | 0.1211(3) 0.1220(4) 0.1283

(9,7) | 0.1452(3) 0.1458(2) 0.1446
(8,12) | 0.1456(2) 0.1468(2) 0.1487
(13,13) | 0.1502(3) 0.1503(3) 0.1508

Table 4.1: Hole-Hole correlations computed in the Fixed Node approximation and
applying one lanczos step to the guiding wavefunction of (3.56). Exact results are
from [64, 77]

far from thel" point display a rather flat behavior. On the contrary,.foe 0.4t
(Fig. 4.9), the charge correlations approach zerp-as0, confirming the absence
of PS even at the lowest doping considered. Moreover enhanced fluctuations are
clearly evident along thé, 1) and(1, 0) directions. These incommensurate peaks
are a genuine feature of the ground state of the model, since they do not appear
for instance at the VMC level, and it is extremely important to use manyepow
iterations to eliminate the bias due to the VMC guiding wavefunction. Ve
at this J/t value is very weakly size dependent, much less than the energy per
hole, so that the overall shape of this function in the thermodynamic limit should
not differ too much from the one shown in Fig. (4.9) (a). Thug;) should be
always finite even for smatj, ruling out PS and charge density wave instability.
Even though some peaks at incommensurate wavevectors were found, that maybe
reminiscent of some dynamical stripe order, they are not consistent with@ stat
stripe structure (the peaks should diverge).

Remarkably, as is increased the peak at finite momentum moves far from the
[" point at a distance that scales linearly with the doping with a coefficientwic
surprisingly close tdx. This is exactly the coefficient obtained experimentally in
Las . s§Nd,SrsCuO, [37]. We have also found that this peak position does not
depend ow//t, implying that thelr§ slope could be a general feature of the .J
model in the region without PS. It is reasonable to expect that the interaction of
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Figure 4.8:N(q) for § = 0.06 andL = 162 (empty dots),L = 98 (full dots) and
J=t

electrons with the ions could further enhance the intensity of this incommensurate
peaks, leading not only to a qualitative but also to a quantitative agreemnt wi
experiments[39, 37].

The position of these peaks approachedtipeint linearly with the doping, a
property which cannot be explained within a simple spinless fermion model for the
holes, contrary to what was proposed by [80] to explain the shap& @f using
high temperature expansion. In this case in fact the characteristic inaosonage
wavevectork approaches thE point in a much more singular fashi@#; ~
/3. On the other hand the hard-core boson model is unable to produce any feature
at momenta different fror.

Recently S. White and D.J. Scalapino [79] proposed that the ground state of
the two dimensiondl-.J model has charge density wave order, for a wide range of
doping. Their statement was supported by density matrix renormalization group
calculations (DMRG). It was claimed that this kind of stripe order supprgssrs
conductivity and only adding a next nearest neighbor hopping term to the Hamil-
tonian an homogeneous state withwave long range order is recovered. In our
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Figure 4.9: N(q) for several doping = 0.06 (triangles),d = 0.10 (squares),

0 = 0.17 (circles) for different sizes], = 98 (full symbols) andl. = 162 (empty
symbols). Incommensurate peaks are shown by the arréws. (0,0), X =
(m,m), M = (m,0). Inset: empty dots (full dots) represent peak positions along
the (1, 0) direction ing space (diagonal direction). The dashed line displays the
47 slope.

approach the homogeneous state is always the most stable one (at lgdstifior

the physical region) and no charge density waves instabilities were found. In order
to detect if the ground state of tRé ¢ — J model really has any kind of “stripe
order” we compare our results with DMRG calculations [81] or2ax 6 system

and8 holes,J = 0.4¢, with open boundary conditions in the(long) direction

and periodic in the (short) direction with DMRG.

Open boundary conditions are certainly unphysical and may introduce uncon-
trolled finite size effects but, unfortunately, these are the only boundary comsliti
where DMRG works reasonably well in two dimensions and a comparison with
our results is possible.

Starting from a variationadl—wave BCS wavefunction with energy per site
—0.6043(1)t, the FN (variational) approximation over the guiding wavefunction
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Figure 4.10: Left: Density on a rung, for a12 x 6 lattice,8 holes,.J = 0.4¢ with

open boundary condition in the (long) direction and periodic on the (short)
direction computed with VMC(empty triangles), FN+LS(empty dots), GFM-
CSR+LS(full dots), DMRG (continuous line with no dots). Right: Energy cal-
culation with several variational methods, VMC(dotted line),FN+LSedixote

with one lanczos step applied to the guiding wavefunction (dashed line), GFM-
CSR+LS (labeled SR+LS, continuous line). The arrows shows the DMRGsesult
(variational and extrapolated to infinite number of states).

obtained applying one lanczos step to the original BCS one leads to a variational
estimate energy-0.6244(1). Using GFMCSR over the latter guiding function the
most accurate ground state energy per site(i$292(2)t.

These data have been compared with the most accurate estimate for the ground
state energy available by DMRG [81]. Usiag00 states, DMRG obtains a better
variational energy than the GFMCSR with one lanczos step guiding wavefunc-
tion, —0.6310(1)¢, and the extrapolated value at infinite number of states for the
energy is—0.6327(3)¢ (not variational). DMRG is able to obtain better energies
(of order0.004t) on rectangular size with open boundary conditions. This is prob-
ably connected also with the fact that the gap in these systems is ssiatter
the translational symmetry in thedirection is broken (and the momentum is not
definite on the finite lattice).
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Figure 4.11: Density on a rung. for a12x6 lattice with open boundary condition
in the x (long) direction and periodic on the (short) direction, starting from a

non uniform variational wavefunctiom” has been computed with VMC(empty
triangles), FN+LS(empty dots), GFMCSR+LS(full dots), DMRG (continuouss li

with no dots).

On periodic boundary condition the results are different. Indeed in these sys-
tems DMRG has a very poor accuracy. @x 6 lattice with periodic boundary
condition and32 electrons, the best energy obtained in the framework of DMRG
is —0.7231(6)t (extrapolated to infinite number of states, the best variational es-
timate with 2600 states being-0.7212t). Using GFMCSR and a BCS guiding
wavefunction (with no Lanczos step) the estimate for the energy0ig301(1)t
(being—0.7261(2) the best variational estimate obtained using FN with a guiding
wavefunction with one lanczos step), leading to a gain in energy which is roughly
0.007t, compared with the DMRG results.

In the case of rectangular lattices and open boundary condition the charge
distribution over the lattice can be easily detected computing the numberes hol
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per rung

Ny

k= (1= ngy,) (4.11)

y=1

for each of thel2 lattice rungs, being, , the local electron density at site, )

and N, the number of sites in the rung. Starting from the optimal energy vari-
ational ansatz we computé. As can be seen from fig. (4.10) as the accuracy

is increased the number of holes close to the open boundaries is sharply reduced
while it is raised in the central regiod € x < 9). This can be easily understood
because when the holes are on the open boundaries the system loses kinetic energy
since the allowed hopping are less than in the bulk. This results is in agneeme
with the DMRG calculations [81]. On the contrary the density of holes in the bulk

(x = 6, 7) is quite different in the two cases. Indeed the DMRG finds total absence
of holes in the central region (even if the extrapolation to infinite number adstat
gives results in the direction of a uniform solution) while the GFMCSR gives an
almost uniform profile.

In order to check if the bias was given by the homogeneous guiding wavefunc-
tion a site dependent chemical potential was added to the BCS Hamiltonian tuning
it in such a way that the variational calculationdf gives similar results to the
DMRG findings. At a variational level this changing implies a small energy loss
(0.0025¢). This new guiding wavefunction is not homogeneous and has a different
nodal surface than the uniform one. As can be seen in fig. (4.11) using the guiding
wavefunction with one lanczos step applied the charge density wave behavior of
n" disappears and the simulation recovers the homogeneous ground state. Even
by starting with a VMC wavefunction with big variation of the hole densitgnaj
the x-direction, a solution with almost uniform hole density in the middle of the
lattice is recovered, as opposed to the DMRG findings. This suggests, at least
that there exist low energy states very close in energy , with compleifédyent
hole density profile. This is not inconsistent with the stripe scenario, but is more
plausibly explained by the anomalously large compressibility (also confirmed by
DMRG [82]), found in the t-J model- to strong variations of the hole density cor-
respond very small changes in the energy per site.



4.3 Short range versus long range operators 67

4.3 Short range versus long range operators

In order to determine if the ground state of the model has some kind of long range
order it is necessary to simulate large systems and to perform a firetecaing.

This is in practice unfeasible by exact diagonalization since it only alloaals

size calculations. On the other hand the quantum Monte Carlo (QMC) methods
allow simulations on larger systems but suffer from the well known "minus sign
problem” instability, which makes the simulation difficult or even imposs#u

low enough temperatures.

At present, this instability can be controlled up to zero temperature, dnly a
the price of introducing some approximation, such as the fixed node approxima-
tion [15], which is strictly variational on the ground state energy, the canstila
path quantum Monte Carlo [83, 66, 67] and the Green function Monte Carlo with
stochastic Reconfiguration [16, 17], which has been developed to improve the ac-
curacy of the FN. Both the FN and GFMCSR techniques will be extensively used
in this work. Similar approximations on the ground state wavefunction can be ob-
tained by applying one (or more) lanczos step (LS) to the variational wavedancti
[22, 62], or also using the Density matrix renormalization group (DMRG) [14],
which in 2D is also affected by a sizable error, and is not "numericallgt®xes
in 1D.

All these approximations allow to obtain typically a rather accurate value of
the ground state energy of the model, with an error typically less ttiaan the
correlation energy even for relatively large lattice sizes. Hawévis kind of ac-
curacy for the energy certainly does not allow to draw reasonable conclusions on
the interesting long range AF or SC properties of the model, see e.g. [84].

On the other hand it is reasonable to expect that a similar good accuracy can be ob-
tained on the GS expectation value of short range operators (SRO) like the kinetic
energy and the exchange energies in Eq.2.3. These class of SRO, represented by
suitable chosen operator acting only on nearest neighbors sites, has the impor-
tant property that, if added to the Hamiltoniadl) — H — hO does not change its

local characterH,, remaining a SRO. Moreover such perturbatiotiofvith SRO
typically leads to a sizable change of the ground state energy pet;séeen in

the linear regimet, = Ey — h < O > /L + o(h), providing a very reliable
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estimate of the ground state expectation vatu@ >, once the energy (h) can
be accurately determined for few values of the field

It is reasonable to believe that the calculation of the AF or SC order panamete
involving long distance operators, as is typically done in the literature so far
[24], maybe not so accurate and well controlled as the GS expectation values
of SRO. For instance in the LS method a clear improvement of the variational
energy is obtained by applying a generalized Lanczos opetatorvH to the
variational wavefunction);. However the long range correlation functions are
clearly insensitive to this remarkable improvement of the energy, sttealarge
system size, as for the long distance behavior order of the volume powers of the
Hamiltonian are required to converge to the ground state.

In the following subsections it will be shown how it is possible to compute
long range quantities adding only local perturbations to the Hamiltonian for the
antiferromagnetic and superconducting long range order.
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4.4 Antiferromagnetism

4.4.1 Susceptibility and staggered magnetization

The response function to an external staggered magnetic field can be computed
adding a local perturbation to the Hamiltonian,

H(h)=H-hY (-1)"s},

and then computing the ground state energy with and without the local perturba-
tion. In a QMC simulation the expectation value of the staggered magnetization
along thez axisyn® = Y ,(—1)%S%, on the unperturbed ground state is zero on
every finite size (provided that the guiding wavefunction is a spin singletla As
consequence the susceptibility can be computed as:

(4.12)

The calculation of the AF susceptibility as an energy difference is very ac
curate since it involves expectation values of operators which are short range
Moreover the accuracy on the ground state energy is very high in a QMC simula-
tion, much more accurate that any long range operator. This is clearly skgn in
(4.12) wherey,, is computed with lanczos and with the FN approximationZor
holes on a8 sites lattice. As can be seen even at a FN level, the agreement with
the exact result is quite satisfactory.

In order to see if AF long range order exists it is necessary to extend the
calculation to larger sizes and to extrapolate to the infinite volume.litits
instructive to see what happens when true AF long range order exists, namely
the 2D Heisenberg model. In Fig. (4.12) the behavior of the energy difference
(E(h) — E(0))/2h?* is shown for several lattice sizeg & 1). The results show
a clear divergence in the susceptibility as the volume is increased mehaing
the response of the system to the external magnetic field is very strong. Moving
to finite doping it is interesting to see that a similar divergence permigtis at a
dopingd = 0.08. Indeed the susceptibility on tH#8 sites lattice at this doping
fraction is still divergent (fig. 4.13), while at= 0.12 y shows no size dependence
with a rather flat behavior.
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Figure 4.12: Left: AF susceptibility fof. = 18 computed with FN(empty dots)
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Since it is quite difficult to extract the zero field value of the susceptybili
being the divergence in a region of ordéil as the system is enlarged, the order
parameter in presence of a staggered magnetic field has been computed too.

The staggered magnetization in the presence of the magnetic field can be com-
puted as:

1 dE

This derivative can be evaluated exactly using forward walking whichercase
of a SRO is very accurate and stable.

For the Heisenberg antiferromagnet, where broken symmetry occurs, the mag-
netization as a function of the rescaled fild> h - L - J lies on a universal curve
[85] which depends only weakly on the system size. This weak size dependence
has to be compared with similar calculations performed for the squared order pa
rameter [60, 59] which shows much larger size effects (Fig. 4.14 b, horizontal
dotted line).

This feature strengthen the validity of our results thatardased upon GS
expectation values of SRO in presence of a field. This approach for computing

the magnetic order parameter[86] can be readily extended to the doped system.

Indeed choosing a suitable fighdand computing the staggered magnetization for
the doped system in the presence of the feld result in agreement with the one
obtained by the susceptibility calculation was found implying a clear absence of
antiferromagnetic long range order for> 0.1.

In the optimal doping region the staggered magnetization is vanishingly small
even in presence of a sizable magnetic field, meaning that AF order has already
disappeared.

4.5 Superconductivity

4.5.1 Superconducting susceptibility

In order to detect SC long range order with a more controlled approximation,
we perform simulations in the grand canonical ensemble and add a short range
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Figure 4.14: Staggered magnetizatiopfor » = h.JL = 0.392 (a). m;, for § = 0
(b). Lines are guides to the eye.

perturbation which creates &wave symmetry Cooper pair in a singlet state,
namely:
H(h)=H —h (AT +A) — uN (4.14)

whereA™ =37 . Mj;(clic), + ¢fic)) andM;; = 1 or —1 if the bond< i, j >
is in thex or y direction respectively, whilg is the chemical potential.

By studying how the ground state energy per &ité) behaves as a function
of h it is easy to understand the superconducting ground state properties of the
model. Indeed since the unperturbed Hamiltonian conserves the total number of
particles, the first non zero correction to the ground state energy of therticle

systemFEy is proportional to the susceptibility,,
E(h) = Ex(0) = % Xa (4.15)

By the Hellmann-Feynman theorem, the d-wave order parameter< A+ >,
/L, under the action of the perturbation, can be easily computed by

mi = —% dE(h)/dh (4.16)

In a finite system the fluctuations of the number of particles become always
negligible forh — 0, but by employing first the thermodynamic limit (— o)
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one can obtain true long range ordesf( # 0) for h — 0. In this case, to be
consistent with this singular behavior, the linear coefficient= m¢/h defined
for h — 0 has to diverge fol. — oo. This coefficienty, can be thought as
a generalized susceptibility, in analogy to the more conventional magnsg¢ ca
and can be computed by extrapolating to zero field the finite size energy ddéere

2By B
d _
=i T

(4.17)

The chemical potential is chosen in such a way that the average number of
particles ag — 0 converges tav,
[Enge — En )L

= 1 (4.18)

whereFEy is the unperturbed energy per site foNgarticle system.

In practice one reduces the problem of the calculation of a long range operator
to the calculation of the energy of an Hamiltonian perturbed by a short range
term. The latter energy can be accurately computed by the techniques described
in chapter (3) at least if a good trial wavefunction is provided.

The BCS guiding wave function (3.56) can be generalized by introducing a
proper weightfy to each sector of fixed number of particl¥s namely

W) = fnPyPe|BCS) (4.19)
N
wherePg projects out doubly occupied sites aRg selects theV—particle com-
ponent of the wavefunction. In Fig. (4.5.2 b), it has been shown thafatks)
wavefunction has long range superconducting order even after applying to it the
projectorsP; and Py.

The following step is the choice of the weightg. Forh # 0, the variational
parametergy are chosen by allowing only the smallest deviation of the particle
number around the desired ong. In particular only the subspaces with =
Ny, Ny £ 2 particles are important for the correct estimate gfas easily follows
from perturbation theory. In order to minimize the statistical errégs,= 1, and
fno+2 Must be optimized with the variational Monte Carlo (VMC) for each value
of h. This allows also an estimate 6 /) andy, at the variational level.
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Figure 4.15:y for L = 18 with 2 (a) and 4 (b) holes.J = 0.4t computed with
VMC (empty squares), FN (empty dots), GFMCSR (full triangles), ED (olis
connected by continuous line)

As can be seen from Fig. 4.5.1, where the results for-a 18 lattice with
2 and4 holes and/ = 0.4t are shown, this choice of the guiding functions gives
a very accurate estimate of the susceptibility as compared to the eagondi-
ization results. For the hole case{ = 0.11) it is crucial to notice that the exact
results give a much more enhanced valueyfpthan the VMC calculation, which
has true long range order indeed. The FN is successful in reproducing this behav-
ior and the GFMCSR is very close to the exact result.

As the system is over-doped the situation is quite different. Fot tiade case
(6 = 0.22) the susceptibility is strongly suppressed and while the FN node only
slightly depress the tendency of the VMC calculation towards long range order,
the GFMCSR is successful in reproducing the qualitative correct behavior.

Moving to larger sized. = 50, 98 (Fig. 4.5.1) the calculation of, in the FN

approach gives a very large value suggesting thahould eventually diverge in
the thermodynamic limit meaning that the response of the system to the pertur-
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Figure 4.16:y for L = 50 (a) andL = 98 (b), computed with VMC (empty dots)
and FN full dots

bation is very strong. Moreover the FN calculation always tend to enhance the
susceptibility computed using VMC. These results suggest that the ground state
of the model hag-wave superconducting LRO.

4.5.2 Anomalous average of the order parameter

To confirm the prediction of the susceptibility calculation the anomalous average
of the order parameter; has been computegdy, = [(N + 2|A*|N)|/L, where

|N) and| N +2) are thelV and N +2 particles ground states respectivelycan be

non zero even on a finite size and zero external field. Moreover if supercamglucti
long range order occuys is finite in the thermodynamic limit.

In the variational approach the calculationpgfcan be done using as a varia-
tional ansatz the BCS wavefunction projected at fixed number of particles (3.56).
If the simulation is performed with th&" particle projected BCS wavefunction
then the quantityﬁ%j\;w> can be easily computed in the VMC approach. Un-
fortunately this expectation value is not normalized, singed 22N should

V (NIN)(N+2|N+2)
be needed. In order to overcome this difficulty it suffices to perform a second run
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with the variational BCS wavefunction (3.56) projectedvat- 2 particles so that
% is computed. The product of the two VMC calculation clearly yields
the square of the desired quantity.

A simple strategy is possible to compute directly the finite size zero field
anomalous average with FN and GFMCSR too. Choosing the chemical potential
1 in such a way that the ground state energies forNhend NV + 2 particles are
degenerate, the first order correction to the energy due to the perturbation (4.14)

is given by the eigenvalues of the secular matrix:

En  hpa

(4.20)
hpa Enio

which givesE(h) = Ex + hpq, meaning that the anomalous average of the order
parameter can be computed as an energy differéfige— E(h))/h for h — 0.

The numerical measurement of a long range property of the model can be done
studying the ground state energy change under the effect of a local perturbation.
This is clearly a much more convenient and controlled way to charactiévwze
long range properties of a model, with an approximate numerical technique.
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Figure 4.17:p, for L = 18 ,J = 0.4t,0 = 0.055 as a function of: (left) and as
a function of the deviation from the unperturbed mean value of patigle- 17

(right).

In order to reduce the statistical error on the ground state energy, we optimize
the variational parameters, by restricting ourselves to the subspacesvoand



4.5 Superconductivity

77

N +2 particles relevant for the matrix element fy being zero otherwise. In the
guiding functionfy and fx .. are then determined by requiring that the average
particle numbek ¢¢|N | > is equal toN + 1.

As can be seen in fig. (4.5.2 b) for tlhe= 18 and N + 1 = 17 case, by per-
forming runs for several values afand extrapolating to zero field, the number of
electrons converges to the unperturbed value linearly with the perturbatien. Ev
if a small errore is done in the determination of the chemical potential, the cor-
rections to the energy are of ordér as can be seen from first order perturbation
theory for degenerate levels (eq . 4.20)

The comparison with the exact result in thtesite lattice with2 holes shows
that the VMC highly overestimates the order parameter. The FN reduces this
value.

In order to perform the same calculation with the GFMCSR the energy of the
two subspaces & and NV + 2 particles were reconfigured in an independent way.
In practice in the simulations the walkers are divided in two groups, someraf the
sample theV + 2 particle subspac¢(w™*?),z)}, while the other ones tha’
particle state{(w™),z)}. All the other subspaces of the Hilbert space are not
sampled due to the choice of th¢;} coefficients in eq. (4.19). The stochastic
reconfiguration for the energy was then done keeping the two subspaces separate,
namely defining (see eq. 3.41)

gg\]) :wfff:(N)[l_i_a(N)(EgV)_E’gfvf))] Z:1’]\4'(]\7)
gS(CJjV+2) — w]?ff:(NJr?)[l + a(N+2)(E£§V+2) _ Egcvfw))] j=1,... MO+

being MV+2) (M) the number of walkers sampling thé + 2 (V) particle
Hilbert space sectors so that = M(V+2) + M) (Notation is consistent with
the one given in chapter (3). In the calculationpgfin Fig. (4.5.2),M = 2000
and for larger sizes the number of walkers was increased with the volume up to
5400 for the L. = 98 case.

As can be seen from thie = 18 case with2 holes, (fig. 4.5.2), the GFMCSR
IS very accurate extrapolating to a value very close to the exact lanezak.r
In order to attempt a finite size scaling for the SC order parameter we compute
(N + 2|A*|N) on theL = 50 and L = 98 lattice sizes at doping = 0.14 and
0 = 0.133 respectively, (Fig. 4.18). As can be seen in the: 50 lattice case the
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Figure 4.18p, for L = 50 (left), L = 98 (right). Empty dots are FN calculations,
full dots are GFMCSR. Arrows label the variational estimategprContinuous
lines label the calculations performed with optimal energy variationahpaiers
(Apw = 0.65), dashed lines with\ i,y = 0.3.

FN and the GFMCSR reduces the variational value but still gives a finiteatst
of the order parameter.

In this case, in order to test the accuracy of the calculation and the dependency
of the result from the chosen guiding wavefunction, we reduce the optimal energy
variational parameted 5, = 0.65 to the value ofApy, = 0.3. This implies a
reduction of the quantity, of roughly one third at a variational level, as shown
in Fig. (4.18). The FN is unable to obtain the same value of the calculation at
a differentApyy, even if it produces a correction which goes in the right direc-
tion suggesting that the real value of the order parameter should lie between the
two different fixed node results. The GFMCSR correct in a very efficiesg w
the change in the guiding wavefunction extrapolating at a value very close to the
preceding calculation, being the difference for the two GFMCSR results a con-
servative estimate of the possible error in the determination gfth&FMCSR
improves the FN estimate of; by roughly three times, both for the sites (fig.

4.5.2) andb0 sites (fig. 4.18), and this improvement is expected to remain even
for larger sizes, being GFMCSR, as well as FN, a size consistent apptmama

From this very strict test we conclude that our result does non depend very
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much from the choice of the parameters in the guiding wavefunction and the cri-
terion of optimizing the variational parameters on the energy remains the most
reliable one, in contradiction to what was suggested in Ref. [24, 22].
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Figure 4.19: Size scaling gf;. Lines connecting FN and GFMCSR in (a) are
guides to the eye. In (b) the expectation value of dh@vave order parameter
over the BCS wavefunction before Gutzwiller projection is shown by thenarro

The 98 sites calculation shows that the VMC valuegfis enhanced both
by the FN and GFMCSR calculation and remarkably the computed value is very
close to the one obtained in thé lattice site. This result, alone, is very much
suggestive and represents one of the most clear numerical evidence of d-wave
superconductivity in a 2D strongly correlated model. However the limited number
of lattice sizes considered does not allow us to perform a more robust firéte siz
scaling, since as shown in fig.(4.5.2), size effects are present also atitteonal
level and the true order parameter maybe well below the valuel2 reported
in fig. (4.5.2). However we expect that the finite size effects for SRO ark wel
behaved and the enhanced superconducting correlations found fo8 ites
should be a genuine feature of the model at this doping/andalue.
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4.5.3 Effect of a nearest neighbor repulsive interaction

In real materials such as the high compounds the Coulomb repulsion between
electrons on different sites is a very important interaction which can sgpphe
pairing force driving to superconductivity. Another important feature of these
materials is that they possess a very high compressibility, a featusentreven
in the two dimensional — J model whose compressibility at optimal doping is
almost20 times the compressibility of a gas of spinless fermions.

In two dimensions the Fourier transform of the screened coulomb potential
V(r) = (e?/r)e /¢ is given by
2

Vo) = lq| +¢&

where( is the screening length. The screening length can be written as a function
of the derivative of the chemical potential respect to the density of the number of
particles [87], namely

(4.21)

1 Ou
3 ome? On

As a consequence when the compressibility is large the screening length de-

creases. Moreover in two dimension this is even more effective thndhrée,

since in the latter cas¢ = (1/4me?) 2%, [87].

When the compressibility is very large the system very easily screemsrge
imbalance so that even if there is a coulomb repulsion acting on the valece el
trons on different lattice sites the effect is very short ranged. It is thasonable
to assume that the effect of the coulomb repulsion could not be so drastic on su-
perconductivity.

(4.22)

This prediction can be tested with numerical simulation. Under the assumption
that the screening length is around one lattice spacing a nearest neighbor coulomb
repulsion is added to the Hamiltonian of the two dimensioral model, namely:

n;n;
H=—tY (¢fes+cie)+TY (si 'S, - 4J) +V'S mn, (423)

<ij> <tj> <,j>

where the coulomb repulsion coupling constlns positive.
Thed—wave susceptibility has been computed in the presence of this Coulomb
field on small lattice size by exact diagonalization. As can be seen thksrase
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Figure 4.20: d—wave susceptibility in presence of a coulomb repulsion=
0.25.J (full dots),V = 0.5.J (empty dots)} = 1.1.J (full triangles).

weakly affected by the coulomb repulsion and the susceptibility is still siga
diverging behavior even at values of the coulomb repulsion which are far beyond
the estimated physical value for this parametér= 0.2¢ — 0.3¢). This result
strengthen the validity of the belief that the electronic correlation is thie me-
sponsible for the pairing in the cuprate compound. Moreover this means also that
the presence of superconductivity in the J is very robust since the pairing is

not destroyed even by the coulomb repulsion.

4.6 Drude weight

As was shown in section (4.4) there is clear absence of AF long range order only
fromé > 0.1. Itis an important issue to understand what are the conducting
property of the model for low doping, close to half filling. In real materials the
system is an insulator until the AF long range order is lost and superconductivity
occurs. A good criterion [88] to detect if a system is a metal or an insulatbeis
calculation of the Drude weight. The kinetic energy in the presence of a vector
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potentialA, (/) in thex direction takes the form:

KA = Z(Cl_trcﬂryff + Cl_:yaclff) + Z(ei(ﬁm(l)cltrcﬂrza + Cl_:m(rclae iga(l ) (4 24)

Lo l,o

whereet¢:() are the Peierls [89] phase factors andl) = eA,(I)/hc. Expand-
ing in ¢, (1) itis easy to see that the kinetic energy terms becomes:

KamK-3 [qﬁz(mg(n + 56,07k, (0) (4.25)

being K the usual kinetic energy term and

ko(l) = =t ) (6 Civan + €y potio) (4.26)

o

) = it (ch e + ¢fLaptio) (4.27)
As a consequence the energy per site of the full Hamiltonian in the presence of
the vector potentiall (/) is given by

B(6) = Bo+ 5 3 6.(1) (4.28)
l

where the paramagnetic currej{/) in the ground state without external fields
is supposed to vanish amd is the Drude weight, which can be obtained from
second order perturbation theorydg(/):

D (015210}
(0|k+|0) 4.29
Olk10)+ > 5 =5y (4.29)
In order to compute with QMC the Drude weight we consider the analytic contin-
uation of eq. (4.24) and introduce the exponenti& ") with n,(1) real,

Ka = (ehtirsr + fiagtio) + D (€] oo + cfy pize ™) (4.30)
l7U l,O’
It is easy to see that in second order perturbation theory this analytic cordmuat
gives eq. (4.28), a part from a minus sign due to the definitiop ef in. The
resulting Hamiltonian is no longer symmetric, but this is not a problem for the
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QMC methods used in this thesis since in this case the simulation converges t
the right lowest eigenvector of the Hamiltonian.
The Drude weight can be easily computed as:
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Figure 4.21: Left: Drude weight fof. = 18 and several doping by exact diago-
nalization. Right: Comparison between FN (empty dots), GFMCSR (triangles)
ED(full dots) for theL = 18,2 holes case.

In practice it is necessary to perform several runs at diffefgand then ex-
trapolate the zero energy difference 4.31.

In Fig. (4.6 b) the Drude weight has been computed with lanczos using the
analytic continuation suggested before. As can be seen the extrapolation to zero
perturbation is linear even at large value of the perturbation, where the energy
difference is sizable. As the doping is increased the value of the Drude weight on
small lattice size has an increasing metallic character as thensystdoped.

The linear behavior obtained with exact diagonalization is confirmed by the
FN and GFMCSR calculations on the same size. The FN approximation over-
estimates the Drude weight. The GFMCSR improves more than a factor of
the accuracy of the starting FN approximation converging to a value which only
slightly overestimates the exact result computed with lanczos. Thesagyooirthe
GFMCSR calculation on the Drude weight is around th&), which represent a
remarkable achievement for the calculation of a dynamical property of the system
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The FN calculation on larger sizd. (= 50, 98) gives a Drude weight different
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Figure 4.22: Drude weight calculation fér= 50, 98 as a function of the doping
fraction. FN results are connected by continuous line, GFMCSR by dashed line.

from zero as soon as the Mott insulator state is doped (see fig. 4.6). Moreover it
looks that thebO and 98 site results lie on the same curve, meaning that the size
effects are almost absent. In the site lattice a curvature term (missing in the
50 site case probably due to the low resolution in doping) occurs suggesting that
the Drude weight approach zero &s This is consistent with the hyperscaling
scenario proposed by Imada [90] for metal-insulator transition in two diroesasi
in which the Drude weight dependency on the doping should behave in this way.
Since from the small size case it is known that the FN overestimat&y tiue
weight we compute the same quantity with GFMCSR and as can be seen in fig.
4.6 the FN conclusions are confirmed even if the value of Drude weight is slightly
reduced (as happens in th@sites lattice). This calculation seems to suggest that
the insulating state of the undoped system is quickly lost with doping (at least for
0 > 0.04) and in the case of the— J model one is left with a metal with long
range antiferromagnetic correlations before superconductivity takes place.



Conclusions

Since one of the main outcome of this work is the finding of superconductivity in
a model without explicit attractive interaction, it is very important tanidiy what

are the main features that allow superconducting correlations in the grouad stat
of the two dimensional — J model in order to understand if they are present in
real materials and which other models can display a similar behavior.

Several authors [10, 11] proposed that superconductivity and phase separation
should compete in the high, compounds and that a similar behavior is to be
expected for strongly correlated electron systems, such as Hubbard-and
models.

As can be seen from the phase diagram obtained in this thesis, no phase sepa-
ration occurs in the physical parameter region, even at very low doping (Fig. 4.23)
and the phase separation boundary is quite far from the optimal doping region, at
least for physical values of the superexchange coupling constant)(4t). This
evidence has been achieved by computing the energy per hole [10] with several
numerical methods for very large system size. It has also been shown that for
J < 0.7t, as the size of the system is increased, the minimum in the energy per
hole profile moves to lower doping (as suggested by the one side errorbars in Fig.
(4.23) which are estimates of the finite size effects). In the thermodynamitc |
the critical J is betweern).5t — 0.6¢.

As it has been shown in section (4.6), the Drude weight is finite even at small
doping, meaning that the Mott insulator state is immediately lost and the system
has a metallic character. Moreover the Drude weight decreases as the sfjuar
the doping fraction as the Mott insulating state is approached. This is consistent
with the hyperscaling scenario close to a metal insulator transition profysed
Imadaet al. [90].
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Figure 4.23: Instability of the uniform phase evaluated by GFMCSR using the
Maxwell construction for theé8 site lattice. Errors are estimates of finite size
effects and correspond to twice the difference between the 98 and 50 sdal cri
doping [78]. SC label thé = 0.14 werep, has been computed, AF label the
antiferromagnetic region.

Accurate calculations of the antiferromagnetic susceptibility and of thge sta
gered magnetization in presence of a weak magnetic field (section 4.4) hawe sho
that, even if the magnitude of the order parameter is suppressed at small doping,
antiferromagnetic correlations are strong up te 0.1.

This metallic state with strong antiferromagnetic correlations ig eirse to
the parameter region in which superconductivity has been found. The proximity of
this antiferromagnetic state enhances charge fluctuations determidingave
state well before the phase separation instability occurs.

It is important that the compressibility of the electron system is veryelar

j—g ~ 0.54t), almost20 times largerthan the corresponding spinless fermion
compressibility.

This anomalously large value of the compressibility clearly favor supercon-
ductivity. Indeed even in the presence of a long range Coulomb repulsion be-
tween electrons in the Copper Oxygen layers, missing in our model, but certainly
present in real systems, the screening length is very s(t{oﬁ L d"), so that

127e2 dn
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the screening is really effective. The low dimensionality of the systaysghlso

an important role since in three dimension the screening length is much longer
(€% = 47332 j—’;). This strengthen the hipothesys that high temperature superconduc-
tivity is essentially a two dimensional effect, even if an explanatiotmefcritical
temperature and other strictly material dependent features, probably neéakis to
into account three dimensional effects related to the solid structure offteredi

compounds.

In section (4.5.3) the occurrence of superconductivity even in the presence of
a screened Coulomb repulsion has been confirmed meaning that the pairing in this
system is very robust.

The experimental discovery of stripes in a region of dopingy < o <
0.125) in La; ¢_xNdy4Sr,CuO, samples (chapter 1 and references therein) and
the consequential suppression of superconductivity led several groups to the in-
vestigation of the possible occurrence of stripes in the two dimensional
model.

In order to check the possible occurrence of a charge density wave order, the
hole-hole correlations have been computed. Even if some features at incommen-
surate momenta have been found, no occurrence of charge density waves appears
in our calculation at least in the physical region relevant for high temperatur
perconductors.

In systems with open boundary conditions, which favor stripe order, direct
comparison was made with the best energy estimates obtained with density ma
trix renormalization group [81]. Even if on these systems the density nratrot-
malization group is more accurate (the situation changes with periodic boundary
conditions), the numerical techniques employed in this thesis allow to obtain an
accuracy 0f0.004¢ (for J = 0.4t) on the energy per site. Within this accuracy
no clear evidence of stripe behavior was foamdl even using guiding wavefunc-
tions with non uniform density profiles the uniform solution was recovered, in
disagreement with density matrix renormalization group calculations.

This suggests, at least, that there exist low energy states very clesemyy,
with rather different hole density profile. This is not inconsistent with thipestr
scenario, butis more plausibly explained by the anomalously large compregsibilit
(also confirmed by density matrix renormalization group calculations[&2]hd
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in the t-J model. It is more likely that a small lattice distortion casily induce
stripe order, being charge excitations very close in energy, and not the strong
correlation alone.

The stability of the uniform phase at low doping has been found at least for
J = 0.5¢t. Itis possible that before the system is completely phase sepavated (
0.5t) stripes may be stabilized. Indeed high temperature expansion finds the phase
separation boundary dt~ 1.2¢ which is a too large value to be consistent with
the one given in this thesis (no one of the numerical calculation [23, 62, 61] find
such a high value for the critical strength for phase separation) . Nevesthbke
energy per hole could display a phase separated behavior in a region where stripes
occur (from0.6 < J < 1.0). Similarly to what happen in the one dimensional
t — J model [91] where the first symptoms of phase separation are a liquid of
bound pairs, in two dimensions it could be an instability towards a stripe phase.

The numerical results obtained in this work lead to the remarkable conclusion
that thet —.J model correctly reproduces the main (zero temperature) experimental
findings and, as it happens in real systems, the superconducting state is reached
upon doping the antiferromagnetic Mott insulator.

The antiferromagnetic long range order of the undoped system is lostat
0.1 and superconductivity is found close to optimal doping 0.13. This work
suggests that antiferromagnetism and superconductivity are closely related, b
large compressibility is needed to stabilize pairing in the presence of abul
repulsion.

The main outcome of this work is that the most simple scenario, appeared in
the early days of superconductivity, is surprisingly confirmed by this numerical
study, namely that the strong correlat@ionemay drive the system from antifer-
romagnetism to superconductivity.



Appendix A

Green function Monte Carlo:
technical detalls

A.1 First momentum conservation

Given the probabilityP,(w, z) at stepg in the simulation evolving as shown in

Eq. (3.11), the following reconfiguration

P (w', z') /ZK w', 2w, ) Py (w, z) [dw] (A1)

M Z]wég:/m 3w
s - B (B B
iZ1\ 2 M

does not change the first momentum of the probability distribution, namely

X1 4(7) = X1 4(2) (A.3)

Neaw) = [duy [ vy [ duy (A4)

Z <w1(5x ,T1 +w26x]g\t;+ wécwfsx,:vM> Pq(w,g)

z

where

. Proof By definition using (A.15) and (A.1)

W0y
Xt 0) = [ law) [0 (ZT> K. s, 2) P .2)

z,z’
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The first term in the integrand contains a sum. It is simpler to single out eawoh t
of the sumwj,d, . /M and to integrate over all the possible variabl€sz’ but
w;, andxy. Itis then easily obtained that this contributionXg, conventionally
indicated agX; |, is given by:

w) W0y . jW;
Xt Je = [ ] [ laui) 35 oy (ZZT) S~ ) Py )

z,T,
Then by integrating simply idw; and summing over, in the previous integrand
we easily get thatX| |, = ﬁleq, independent of. Finally by summing ovek
we prove the statement (3.16).

A.2 Variational proof for the Fixed Node approxi-
mation

In the most general formulation the effective fixed node hamiltonian is defezed r
versing the sign of the positive off-diagonal matrix element& aind multiplying
them by a constant > 0,namely:

aell = { Hora 10 Hye <0 (A.5)
’ ~YHyp if Hyp >0
as a consequence the diagonal term has an additigmal- flip contribute:
HY) = Hyp+ Vig(a) (A.6)
Vis(z) = > Hy, (A7)

H, 1>0andz'#x

In order to see that the latter approximation is variational one consider tbevoll
ing expectation value over a variational staté:

AE = (p|HY — H|y) (A.8)
Following [15, 17] it can be written as

Ya(z')
Ya()

(1))
Ya(z')

H, 1>0andz#x’

T,r

(x)

— sH(z,2")(z")

‘ 2

(A.9)
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denotingsH (z', =) the sign of the matrix elemet, ,. As a consequence of the
variational principle and sincA F > 0 the ground state energy of the fixed node
hamiltonianE¢// is an upper bound of the real ground state energy, namely:

BT > (el | Hy Ty > E,

Moreover from Eq. (A.9) one obtains the lower value of the energy in the standard
Fixed Node approximatiorfyy = 0).

It is straightforward to verify thatyq|H |Vq) = (Wq|H ' [1h¢), and thus the
GFMC procedure improves the energy of the guiding wavefunction:

BT < (| H a) = (e |H |vba). (A.10)

A.3 Proof of the bias control in the forward walking
scheme

In order to implement stochastically Eq.(3.44) we need to apply the opé&pator
diagonal in configuration space, in a stochastic sense and then follow the standard
stochastic iteration (3.2) to the walker distributiBrfor N steps. To this purpose

a walker from now on is identified by the triad:

w)n)‘z.

wheren represents the actual value of the measured opetator the walker. Its

value can change, as we will see later on in the reconfiguration process, and in
general due to the forward walking# (x|O|z). Indeed only at the beginning,

n = 0, of the forward walking iterationy; = O; =< z;|O|z; >, fori=1,--- M.

In a probabilistic sense this is equivalent to consider the initial probabilstyidi
bution:

Poo(w,n,z) = Py(w,z) [ 6(m — O1) (A.11)

i=1,M

where P, is the equilibrium distribution of the previous Markov process (3.11),
which samples the ground stateg(z).



92

Appendix A

With this initial condition furtherN forward walking steps are implemented
to the probability distributior?, defined with the iterations in Eq.(3.11). Then in
order to determine the quantity (3.44) the following ratio is evaluated:

< wn >

<0 >= (A.12)
<w >

where the brackets indicate the average over the distribdijon dw [ dnP(w,n, x).
It is understood that in Eq.(3.11) the variablgsemain unchanged. For instance
the the evolution of, (w', 7/, z') for the single walker will be:

Py 1( w', 1,2 pr L w'/bz, 0, x) by (A.13)

However in order to satisfy the bias control property described in Sec.(A.1) i
IS necessary to update thevariables at any reconfiguration process.

Even in this case it is easier to work withp momenta of ordek of the
distributionP for fixed configuration:

0= [ dw [ dntwn)Pafw,n.2) (A.14)

which for M # 1 correspond to:

/m/mZ( i) “ﬂﬂ@w@ (A.15)

where, as usual underlined variables represent vectors whose components refer t
the single walker index.

With a proof exactly analogous to the one of Sec.(A.1) it is possible to show
that :

e The value of the firstwn) momentumX7, (), at the initial iteration of the
forward walkingn = 0, is equivalent to apply the operatorto the initial
distribution P (w, ), namely

XT = 0(@) = 02X1 = 0(@)
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¢ the following reconfiguration process, which does not change the Markov
chain of configurationsw, z) but modifies slightly;, has the bias control
property also for thev  averages:

Py = [ [l i P2 ] ]

x
(W', 2hwnz) = [ 0(n- <~ — (wj - =)
i=1 z]w] g;’ x] Z]w]
(A.16)

The first factors in the Green functidr, involving then's, represent the
only difference to the previous reconfiguration process (A.16). Thus obvi-
ously the moment&;, , not involving then variables satisfy the same bias
control property of the previous reconfiguration process (A.16)

As far as the(wn) momenta are concerned is possible to prove as before the
mentioned bias control property:

X"

1,n

(z) = X7, (z) (A.17)

To this purpose, analogously to the previous case, it is convenient to single out a
termj; = k in the definition of the firstvy momentum in Eqg.(A.15) , and following

the same route of Sec.(A.1) integrate easily the Green function over albj@ssi
variablesw’,y" 2, but the variables;,, n; andw;. These remaining integrations
can be also performed analytically by first integratingin then inn, and finally
summing over,. The assertion (A.17) is therefore proved rigorously.
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Appendix B

BCS mean field theory

Consider the Bardeen, Cooper and Schriffer (BCS) hamiltonian in the mean field
(Hartree-Fock) approximation [74, 92, 29],

Hpes = Z €k (C]:;ro—cka + Ckacjjo-) + Z Ay (c,chJ_“,CL + C,MCH) (B.1)
k,o k

wheree, = —2t(cos(k;) + cos(k,)) — p andp is the chemical potential. The
symmetry of the superconducting order paramétge= Ay f. has been chosen
to bes—wave ord—wave, namely:

b { cos(ky;) + cos(k,) s— wave (B.2)

cos(ky) — cos(ky,) d— wave

The quasi particles can be introduced by the Bogolubov transformations:

{ w;;r = UkCJ_rkL + Vg Cit (BB)

,Qbi—ki = uk:ci_kT_vk:Ck:J,

whereu,, andv; are chosen real and so thgt+ v} = 1 (which is necessary in
order fory," andy, to be fermionic operators). Requiring that the operax,gr
are indeed creating quasipatrticles,

[H, 4] = Byl (B.4)

the eigenvalue of the mean field hamiltonian are obtained as

By =4/ + A2 (B.5)
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It is then easy to solve far, andwv, so that the following relations are obtained:

U, Ak

— = B.
Vg, Ey — € (8.6)
1 €
2 _ 2 k.
up = 5 <1+ Ek) (B.7)
A
Upvp = 2—Ekk (B.8)
(B.9)
andvi =1 — uj.
The vacuum state is defined by the following equation:
|BCS) = H Vit Vi k1 |0) (B.10)

k>0

being|0) the vacuum state for th@c,w, c;(,} operators. By the inverse transfor-
mation of B.3,

IBCS) = [](1+wechcty)) |0) (B.11)
k

= exp {Zwkcac%i} |0) (B.12)
k
andwk = Uk/Uk.
Similarly the superconducting order paraméie€'S|A*TA|BCS) whereA™ =
% Yok fkc,ch,m can be computed using transformations B.3 so that

Ay 1 e\ 2
+ _ I o 2 ok
(BCS|ATA|BCS) = §k kak + 5 §k [ (1 E;;) (B.13)

1
2
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