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Capitolo 1

Abstract

We studied the some type of phase transitions in Strongly Correlated Electro-
nic Systems. In particular we rigorously established some exact properties of a
multi-orbital Hubbard model, here formulated to describe a nematic phase tran-
sition. In the first step, using Bogoliubov’s inequality, we rigorously showed that
the multiorbital Hubbard model with narrow bands, eventually in the presence
of the spin-orbit coupling, does not exhibit long-range nematic order, in the low
dimensions. This result holds at any finite temperature for both repulsive and
attractive on-site Coulomb interactions, with and without spin-orbit coupling.
In the following step, using the reflection positivity method, we showed that
this model supports a staggered nematic order if repulsive or attractive on-site
inter-orbital and intra-orbital interactions and off-site repulsive inter-orbital in-
teraction are considered. Depending on the dimensions of the lattice where the
model is defined, the order may or not may exist. Indeed, in three dimensions
the order may exist at finite temperature, and we get the condition for its exi-
stence finding out an upper bound for the critical temperature. On the other
hand, for two dimensional lattices, the order may exist at least in the ground
state, if the hopping amplitude is small enough.

Furthermore, in the final step, we studied the symmetry properties of the
non-degenerate Hubbard model with spin-orbit interactions of Rashba and Dres-
selhaus type. These interactions break the rotational symmetry in spin space,
so that the magnetic order cannot be excluded by using the Bogoliubov ine-
quality method. Nevertheless, we rigorously show that the existence of the
magnetic long-range orders may be ruled out when the Rashba and Dresselhaus
coupling constants are equal in modulus, whereas the n-pairing can be always
ruled out, regardless of the microscopic parameters of the model. These results
are obtained by imposing locally the SU(2) gauge symmetry on the lattice, and
rewriting the spin-orbit interactions in such a way that they are included in the
path ordered of the gauge field on lattice.
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In questo lavoro consideriamo alcuni tipi di transizioni di fase in Sistemi Elet-
tronici Fortemente Correlati stabilendo, in particolare, alcuni risultati rigorosi
riguardanti il modello di Hubbard multibanda dove possono presentarsi ordini
a lungo raggio di tipo orbitale. In un primo passo, usando la diseguaglianza di
Bogoliubov, mostriamo che il modello di Hubbard multibanda con interazione
spin orbita non presenta ordine nematico in sistemi a bassa dimensionalita’ .
Questo risultato vale a temperatura finita e se consideriamo interazione Cou-
lombiana on-site repulsiva o attrattiva con o senza interazione spin orbita. Nel
passo successivo, usando il metodo degli Infrared Bounds e condizione di Reflec-
tion Positivity, mostriamo che il modello presenta uno Staggered Nematic order
almeno nello stato fondamentale se consideriamo on-site Interazione Coulombia-
na repulsiva o attrattiva ed una interazione Coulombiana repulsiva fra elettroni
appartenenti alla stessa banda e siti reticolari primi vicini. I sistemi considerati
sono definiti su reticoli bidimensionali o tridimensionali sui quali diamo delle
condizioni necessarie affinche’ 'ordine esista.

Infine, considerando il modello di Hubbard non degenre su reticoli uni e
bidimensionali, studiamo le sue propriet di simmetria se vengono aggiunte inte-
razioni spin-orbita di tipo Rashba o Dresselhauss. Queste interazioni rompono
la simmetria rotazionale nello spazio dello spin, quindi 'ordine magnetico non
pu essere escluso utilizzando la diseguaglianza di Bogoliubov. Comunque riscri-
vendo l'intrazione spin orbita in termini di una teoria di Gauge SU(2) siamo
in grado di dire che 'ordine magnetico assente se le costanti di accoppiamento
delle interazioni Rashba e Dresselhauss sono uguali.
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Capitolo 2

Introduction

Phase transitions are the manifestation of violation of the thermodynamic sta-
bility conditons like the convexity of the Energy or, equivalently, the convexity
of the thermodynamics potential with respect their extensive variables and the
concavity with respect the intensive variables. In such cases homogeneous sta-
tes of the system are not possible and equilibrium manifestes between many
phases. The transition liquid-vapour is a classic example where, below the cri-
tical point, two portions of the system have different comprexibility and density
in equilibrium between them. The Equilibrium conditions are given by the
equality of the chemical potentials of the two phases, furthermore the equation
w1 (P, T) = pua(P,T) is a line where we have coexistence of the two phases. Now
by variation of the pressure or volume there are transitions between these pha-
ses. This is an example of first order phase transition, indeed one defines a
transition of the first order if the internal Energy of the system changes in a di-
scontinuous way at a certain temperature, that is the transition is accompanied
by a release or an assimilation of latent heat. If T is increased, the coexistence
line terminates in the critical point, where the transition between the two pha-
ses is continuous. Beyond the critical point, there is no transition between the
two phases, there is no singularity in any physical quantity upon going from one
phase to the other. This is a second order phase transition. One defines the
second order phase transition if it does not involve latent heat and the Internal
Energy changes continuously with the temperature but the first derivative of
the Energy diverges at the transition temperature called critical temperature
T.. The most important examples for materials undergoing second-order tran-
sitions are ferromagnets, superfluids, and superconductors. Furthermore such
transition can usually be characterized by an order parameter, this is a ther-
modynamic quantity that is zero in one phase (the disordered or symmetric
phase) and non-zero and non-unique in the other (the ordered) phase, indeed
by a microscopic point of view one can define an observable such that its ther-
mal expectation value can be considered as an order parameter, in particular
if it is not vanishing and is not unique then the symmetry of the Hamiltonian
and the Gibbs potential are spontaneously broken. In general one speaks of a

7
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spontaneous symmetry breakdown if the symmetry group in field space reduces
to a subgroup when passing from the disordered high-temperature phase to the
ordered low-temperature phase.

An important property of second-order phase transitions is the divergence,
at the critical temperature T, of the length scale, over which the system behaves
coherently. Indeed while the thermodynamic average of the order parameter is
zero in the disordered phase, its fluctuations are non-zero, hence if the critical
point is approached, the spatial correlations of the order parameter fluctuations
become long-ranged and this is accompanied by a divergence of the size of
thermal fluctuations. As a consequence, many physical observables show, near
T., a power type behaviour in the temperature difference |T' — T.| from the
critical point. More precisely they behave like |T — T.|P where the power p is
called a critical exponent of the associated observable.

In order to describe correctly a second-order phase transition, a model must
have the following properties. At T, the fluctuations must occur on arbitrarily
large length scales. In the neighborhood of T, a correlation length which diver-
ges for T'— T, should be the only relevant length scale of the system, making
the correlation functions of the model at the critical point scale independent.
For example close to the critical point their typical length scale, the correlation
length ¢, diverges as:

Coc [t (2.1)

with ¢t = T;TC. In addition to the long-range correlations in space there are
analogous lorclg—range correlations of the order parameter fluctuations in time.
The typical time scale for a decay of the fluctuations is the correlation (or
equilibration) time 7.. As the critical point is approached the correlation time
diverges as:

To o |t (2.2)

The divergencies (2.1) and (2.2) are responsible for the so-called critical phe-
nomena. At the phase transition point, correlation length and time are infinite
and the system is scale-invariant. Then to the critical point the correlation
length is the only relevant length scale, therefore the physical properties must
be unchanged if we rescale all lengths in the system by a common factor, and at
the same time adjust the external parameters in such a way that the correlation
length retains its old value. This gives rise to the homogeneity relation for the
singular part of the free energy density:

Flt,h) =b=f(tdv bv7)

Here yp is another critical exponent whereas d is the spatial dimensionality. The
scale factor b is an arbitrary positive number. Analogous homogeneity relations
for other thermodynamic quantities can be obtained by differentiating f. If
follows that in the vicinity of a second-order phase transition all thermodynamic
potentials are generalized homogeneous functions. In addition to the critical
exponents v, and z defined above, a number of other exponents is in common
use. They describe the dependence of the order parameter and its correlation



on the distance from the critical point and on the conjugate field h to the
order parameter. In particular for the specific heat at zero external field h one
has that C' o [t|~® the order parameter M o (—t)” whereas the susceptivity
X o |t|77 and the critical isotherm h o sign(M)|M|® at t = 0. The set of
corresponding critical exponents completely characterizes the critical behavior
near a particular phase transition. Indeed one of the most remarkable features
of continuous phase transitions is universality, that is, the fact that the critical
exponents are the same for entire classes of phase transitions which may occur in
very different physical systems. These universality classes are determined only
by the symmetries of the order parameter and by the space dimensionality of
the system. The mechanism behind universality is, again, the divergence of the
correlation length, therefore, to the critical point, the relevant characteristics of
the system are the averages over large volumes hence the microscopic details of
the Hamiltonian are unimportant.

The phase transition described above have critical temperature strictly po-
sitive and the order parameter is the thermal average of an observable, but is
possible to define phase transitions at zero temperature that describe the chan-
ge in the ground state structure of the system as function of a parameter in
the Hamiltonian operator (for example a coupling constant). These are Quan-
tum Phase Transition. A quantum phase transition is a non-analyticity of the
ground state properties of the system as a function of a control parameter g.
If this singularity arises from a simple level crossing in the many-body ground
state, then we have a first order quantum phase transition, without diverging
correlations and associated critical singularities. The situation is different for
continuous transitions, where a higher-order singularity in the ground state ener-
gy occurs, where an infinite number of many-body eigenstates are involved, and
the thermodynamic limit is required to obtain a sharp transition. Near a phase
transition the relevant physics is described by long-wavelength order parameter
quantum fluctuations that it is the quantum expectation value on the ground
state of an operator.

In the study of quantum system new emergent states of the matter can be
described if one consider systems with a highly degenerate ground state. These
new states of the matter can be described in terms of topological quantum
order (TQO) where one does not define any order parameter or spontaneous
symmetry breking, but they are intuitively associated with insensivity to any
local perturbation. In essence, this new order is associated with robustness
against local perturbations, and hence cannot be described in principle by local
order parameter. Thus, the underlying order remains hidden to ordinary local
probes. Indeed, this new order exhibits nonlocal correlations that potentially
can lead to novel physical consequences, indeed the characteristic signature of
the novel phase is a finite ground state degeneracy that depends on the topology
of the system, where can exist charge fractionalization (with respect to that
of the constituent particles) and/or fractional statistics of the quasiparticles
(Anyons). In more precise terms when a system is in a topological phase it has
a set of orthonormal pseudo-ground states |a; > with a = 1,2,..., N,, which
includes the absolute ground state of the system. These pseudo-ground states
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satisfy, for each |a > and |a’ >, the following condition:
OBy = max(q,a)|Ea — Ear| ~ O(e_%)

where L is the system size and ( is the correlation length of the system, which
is finite in the limit L — oo, that is these ground states are degenerate exactly
in the thermodynamics limit. Furthermore these states are separated from the
rest of the spectrum by an energy gap that remains non-zero in the thermody-
namics limit. In a topological phase, one has degeneration of the ground state
Vo which depends only on the topological configuration of the system, genus,
number of boundaries, its topology and boundary conditions, in particular the
correlation functions on the ground state are invariant under smooth deforma-
tion of the spacetime manifold in which the system lives. Furthermore, for any
local operator @ and for each |a >, |b >€ V{ one has

< Qb >= qodap + O(e™¢) (2:3)

with ¢o is a constant independent from |a > and |b >, that is any local opera-
tor cannot cause transitions between states belonging to Vj, at most, the state
of the system can acquire an overall phase. This condition is naturally sati-
sfied if degenerate states are distinguished only by a non-local topological order
parameter.

A system that satisfies the properties listed above is described by a topolo-
gical quantum field theory (TQFT), that is a field theory where the correlators
or the expectation value are independent from the metric tensor. In particu-
lar, the low-energy and long distances physical properties are described by an
effective theory in which the degrees of freedom are entirely topological, they
depend only on the global properties of the system (with no dynamical degrees
of freedom nor geometry /metric dependence). The first and classical example
of topologically ordered system is a quantum Hall fluid. This effect, realized
for two dimensional electronic systems in a strong magnetic field, is characte-
rized by a gap between the ground state and the excited states, a vanishing
longitudinal resistivity p,, = 0 and the quantization of the Hall resistivity, pre-
cisely to values of py = %e%, with v being an integer (IQHE), whereas in the
FQHE v = % with n odd. Indeed if one neglects Coulombian interaction then
the system can be considered as a gas of free electrons in a magnetic field, in
this case the eigenstates of the single particle Hamiltonian are a discrete set
of degenerate levels equally spaced called Landau levels. If the electrons are
confined to a surface of area A pierced by magnetic flux B - A, then there are
Ny = BA/®¢ = BAy% degenerate states in each Landau level, that is the degree
of degeneration is equal to the number of elementary quantum flux &3 = %
In the absence of disorder, these single-particle states are all precisely degene-
rate. When the chemical potential lies between the v** and (v + 1)* Landau
levels, the Hall conductance takes the quantized value o, = l/e—h2 while pg, = 0.
The two-dimensional electron density is n = u%. In the presence of a periodic
potential and/or disorder as for example impurities, the Landau levels broaden
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into bands. When the chemical potential lies in the region of localized states
between the centers of the v** and (v +1)** Landau bands, the Hall conductan-
ce again takes the quantized value o,y = V% while p,, = 0 and the electronic
density will be close but not necessarily equal to y%. This is known as the
Integer quantum Hall effect because v is an integer. Neglecting Coulomb inte-
ractions is justified when an integer number of Landau levels is filled, so that
the energy splitting between Landau levels is much larger than the scale of the
Coulomb energy, whereas if the electron density is such that a Landau level is
only partially filled then the Coulomb interactions may be important and the
degeneration of the Landau levels is broken by electron-electron interaction. In
this case there is a gap between the ground state and the exciting states as in
the IQHE but only a fraction of the Landau level is filled. In this case we have
the Fractionary Quantum Hall Effect and a its theorical description is given by
Laughlin.

In this work we give, in the chapter three, some mathematical concept on
the phase transitions. In particular we define the thermodynamic potentials and
the thermodynamic limit. We prove that, under certain conditions, the thermo-
dynamics potentials exist and are uniques. We give a classification of the phase
transitions and the connection between phase transitions and Spontaneous Sym-
metry Breaking concept. An important part of the second chapter is devoted
to the study of some methods used in Statistical Mechanics in order to prove
the existence or the absence of phase transitions in specific models. These are
the Bogoliubov and the indetermination inequality used in order to prove that
a specific system does not exhibit a phase transition. We devoted particular
attention to the problem of the existence of a phase transition in particular at
the Infrared Bounds methods and the Reflection Positivity concept.

We dedicate the fourth chapter to some applications of the methods studied
in the third chapter. Here we give a proof of the Mermin and Wagner theorem
for a generic model of Strongly Correlated Electronic System, furthermore we
extend the theorem at the d-band Hubbard model with tensorial order parame-
ter. In the specific case we study the possible orbital order in a model of TMO
(Transition Metal Oxides) system, in particular we define the order parameter
as the expectation value of the electric quadrupole momentum obtaining that
in a rotational symmetric model the order is absents.

In the fifth chapter we study the problem of the existence of phase tran-
sitions in TMO models, in the specific case we consider the d-band Hubbard
model where an infraband off-site Coulombian repulsion is introduced, obtaining
that, under particular conditions, the orbital order can exist in this model at
low temperature in two and three dimensional systems. In this chapter we stu-
dy possible Charge Density Wave (CDW) and Superconductivity Lond Range
Order (LRO) in these systems.

In the Chapter six we introduce the spin orbit interaction in Strongly Cor-
related Electronic Systems as a SU(2) Gauge theory in the Pauli Lagrangian
density. We decsribe how the charge is conserved and spin current is covarian-
tly conserved with this approach. In a system defined a lattice we introduce



12 CAPITOLO 2. INTRODUCTION

the spin orbit interaction by an Hamiltonian (Kogut Susskind approach) lattice
SU(2) Gauge theory. In particlar we study the non degenerate Hubbard model
with Rashba and Dresselhaus interaction obtainig some rigorous result.
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Mathematical tools in
Phase Transitions

3.1 Thermodynamic Potentials and the Ther-
modynamic Limit.

Let H the Hamiltonian and {|a >} the eigenvectors of the quantum system,

one defines a Partition function as Z(T,N,V,0V) = Tr(e_kn%) with T" the
temperature, kp the Boltzmann constant whereas N and V' are respectively the
number of particle an the volume of the system. For a classical system the trace
is replaced by integration on the phase space, hence the partition function is
Z(T,N,V,0V) = fduef’“s% where du is the Lebesgue measure on the phase

space. Furthermore one defines dP = %eikBLTd,u as a probability measure of
realization of a microscopic state (Gibbs measure), for a finite size systems this
is a conditioned probability and depends on the boundary conditions 0V of
the system. Formally one can define a Thermodynamic limit where the system
has infinite size at constant density. Hence one defines the thermodynamic
limit as Impy_s00,v—00() under the condition that limy_ e,y — oo % = p where
p is the density of the system. More formally the ensembles which we have
considered describe systems enclosed in a bounded region A € R? of A € Z7,
then let (L1, ..., Lq) € R? (resp.€ Z¢) and A, = {r € RY 0 < x; < L;} or (if
lattice systems are considered) A = {r € Z¢ |0 < z; < L;}, furthermore let
Anr ={x In;L; <x; < (n;+1)L;} then the family of regions {A, 1 },ecza forms
a partitions of R? or Z?. For each A € R? (or € Z%) one define:

e NT(A)r the number of sets A, such that A, A =2

e N~ (A) the number of sets A, such that A, C A

13
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then the sets A tend to infinity in the sense of Van Hove if:
lim —% =1 (3.1)

Let |A| be the measure of A € R? and 9A, = {z € R? |d(z,0A) < p} where
d(xz,0A) is a distance between a point x and dA the contour of the set A, then
the Van Hove convergence to infinity is equivalent to :

|OA,|
=0
[Al—oo  |A]

We will restrict our study from now on to quantum lattice systems, hence the
system is defined on A € Z?. Now we introduce some basic objects of thermo-
dynamics and statistical mechanics, in particular the so called thermodynamic
functions. Let Hy : V — V the selfadjoint Hamiltonian of the system with V
the Hilbert space, furthermore the operator e 4 is a Trace class operator,
hence if O : V — V an observable then one defines:

e The equilibrium state: The expectetion value of O is

1
<0 >= —Tr(Oe PHr),
Z\

then one defines < - > as equilibrium state and it is unique and it is
invariant under all symmetry operators of the Hamiltonian, hence for Ha-
miltonians commuting with the traslations operator this state is traslation-
invariant. This means that finite size systems do not have phase transitions
or symmetry breaking. Furthermore the equilibrium state has the KM S
(Kubo-Martin-Schwinger) property

< A@)BT(t') >=< BY(t)A(t +iB) >=< BT(t' —iB)A(t) >
indeed
< A@)BT (') >=Tr (e PHA)BY (') = Tr (e PHePH BT (e PHA(®L)) =
- (e—BHei(—iﬂ>HB+(t/)e—“—iB)HA(t)) =< BT(t' —iB)A(t) > .
This periodicity in the imaginary time caracterizes the equilibrium states.
e Energy density: uy = mTr(HAe’ﬁHA)

¢ Helmotz free energy density: f)(7,..) = F(T"K\ll"") = _%ZA1|A\ In Zx

e Gibbs free energy density: If one introduce an external field h in
the Hamiltonian such that H — H + 3 _\ h(z)O(x) where O(z) is
an observable, then the Partition function depends on h(x). By diffe-
rentiation respect to this parameter of the Helmotz free energy one has
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<O|(X‘)>" = Bhézx)fA(T’ h). Then the order parameter ¢,(x) = <O|(/f‘)>h
depends by external field, hence one defines the Gibbs free energy as the

Legendre transformation with respect to h that is

GA(T, én) = ga(T, 61)|A| = |A|f(T,h) = Y h(z) < O(x) > .

zEA

By differentiation of ga (T, $a) with respect to the order parameter one
has:

h(x) 9A(T', on(x)). (3.2)

0

Ion(x)
In general one cosiders the Hamiltonian operators such that Hy = )y, ®(X)
where ®(X) is a | X| particles potential interaction and/or hopping in a subset X
of the lattice A with finite range r, that is &(X) = 0 if diam(X) = sup, yex |z —
y| > r. Now we will prove a theorem due Griffiths Robinson and Ruelle:

Theorem 1: If the Hamiltonian is traslation invariant then the thermody-
namic limit (Van Hove) of the thermodynamic potentials exist and they are
finite.

Lemmal Let A and B be two bounded and selfadjint operators and || - || the
norm, then:

| n(T7(e”)) — n(Tr(e?))| < [|A - B| (3-3)

proof: One defines the self-adjoint operator O = tA + (1 — ¢)B and f(t) =
InTr(e®®) then:

[In(Tr(e) ~ W(Tr(e”))] = |F(1) — 7(0)| = | [ dt 5 F(0)] =
0

1 d d
O(t)e?W)| < |

= Ireomy TG <1500

where the inequality is due at the Eq.(8.2). Now if one defines two Hamiltonian
with two interactions ®; and ®o then by Eq.(3.3) with A = —fH; and B =
—pPH,, one has the following inequality for the free energy:

|FA(T, ®1,..) — FA(T, ®3..)| < ||®1 — |- (3.4)

Furthermore by the Peierls-Bogoliubov theorem the free energy is a convex
functions in .

Proof of the theorem 1: In order to prove the theorem 1 one considers
systems of increasing size L, = 2" with n € N, hence |A,| = 2"? where d is
the dimensionality of the system. Correspondingly, the Free energy density is
fn = —m In(Tre~PHan), hence the prove is obtained if one show that the

sequence {f,}nen is a Couchy sequence, indeed in R any Couchy sequence is
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convergent. For this, one divides the volume A,, into 29 subdomains A,,_; and
provide each domain with an inside margin of width r (the range of interaction
in the Hamiltonian). This provide that each pair of internal subregions do not
interact. Furthermore, in each sublattice, the Hamiltonian is Hy, , = H/fnil +
Hg , where respectively HY ~ and Hy  are the Hamiltonian operators in

the internal and the margin of A,,_1, hence Hy,, = Zfil{H/(Qi + Hj(\i)i} (the

n

index (7) indicates the i—sublattice). Then by inequality Eq.(3.3) one has:

1 -~ 1 _
|.fn - fn—1| = |WIH(T’/‘€ BHA") — m]n(’fre 6HAn—1)| —
1
= (v P n(Tre o

but using Eq.(8.1) one has
2 ln(Tre_BHAnfl) = ln(Tre_ﬁHAnfl)Qd > ln(Tre_QdﬁHAnfl)

then 1
|fn - fn—l‘ < WHHATL - QdHAnle

hence by traslational invariance of the Hamiltonian the theorem is proved.

3.2 Phase transitions and Spontaneous Symme-
try Breaking

The phase transitions are formally the singular points of the free energy of
the system that arise by thermodynamic limit, indeed, as we said any finite
size system does not have phase transition and the free energy is an analytic
function. This definition arises by thermodynamic considerations and the phase
transitions can be classified according to the type of singular point of the free
energy. In particular one defines:

Discontinuos or the first order phase transitions. If we define the che-
mical potential as p = %F(T7 |A], b, ...) where h is an external field, then the
condition for a first-order phase transition is that the chemical potentials, of the
two phases, must be equals

Ap=p (T, h,...) — pa(Tyh,..) =0

whereas
0

0 0

so that the chemical potentials or the free energies cross at the transition. The
phase with the lower chemical potential is stable and the other phase is metasta-
ble. By a microscopic point of view one has coexistence of phases if the thermo-
dynamic limit of the Gibbs state is not unique but there are many equilibrium
states sensible to the boundary conditions.
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Continuous phase transitions. A transition is continuous when the chemi-
cal potentials of both phases are equal and when their first derivatives are also
equal:

Ap=p (T, h,...) — po(T,h,...) =0

and

a%A,u(T,h, .)=0 %Au(T,h, ..)=0 %AM(T, h,.)=0

so that the chemical potentials or the free energies have a common tangent
at the transition. There is no latent heat in this type of transition and the
Free Energy has a singular point in the second derivative (susceptibility x),
more precisely the susceptibility has a divergence to critical point. Instead of
continuous transitions, some authors write about second order phase transitions.
The phase transition can be studied by a point of view of the changing of sym-
metries of the system. Indeed, in a transition the number of local minimum
states of the thermodynamic potentials is not constant with the temperature
variations, that is, there is a unique infinite-volume Gibbs state for T' > T, and
two or more translation-invariant Gibbs measures for T' < T, where one has
coexistence of two or more phases. More precisely the Hamiltonian is invariant
under a transformations belonging to a group G, hence for each U € G one has
[H,U] = 0, whereas the equilibrium state does not have this symmetry, in par-
ticular there are many degenerate ground states and they are invariant under
a subgroup of G. Therefore there is an observable O such that < UTOU >=<
O >=0 for T > T, whereas < UTOU >#< O ># 0 for T < T.. Since a sym-
metry is either absent or present, the two phases must be described by different
functions of thermodynamic variables, which cannot be continued analytically
across the critical point. Because of the reduction in symmetry, an additional
parameter is needed to describe the thermodynamics of the low-temperature
phase. This parameter is called the order parameter that, generally, is connec-
ted to the expectation value of the observable O. An example of this fact is th
ferromagnetic transition in the isotropic Heisenberg model defined on the lattice
A C Z%. If we consider interaction between spins relative at nearest sites, then
the Hamiltonian operator of the system is:

H=-Y" S S+0)
zEN,S

where ¢ is an unit vector on lattice. The Hamiltonian is invariant for rota-
tions in the spin space, whereas if one turn on an external magnetic field B
this breaks explicitely this symmetry and the spins are all polarized in the di-
rection of the field. Now, if the system has finite size and we turn off the
magnetic field, then for each finite temperature we have that the magnetisation
is zero always. On the other hand, if one turn off B after the thermodynamic
limit then, below criticgl temperature, there is a spontaneous magnetisation
M = Mz o0 D pen <ﬁ5{"i)> # 0 and the equilibrium state has a preferred di-
rection in space. Now we describe this fact in more precise terms. Then we
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consider a finite size system described by Hamiltonian H, invariant under spa-
tial traslations and the unitary transformations U € G where G is a group, then
[U,H] = 0. Let O be an observable and if an external field h is introduced the
Hamiltonian becomes Hy — Ha(h) = Hx — h ) ., O(x) then for each finite
size lattice one has:

TT(O(x)e_BHA(h))

< O(:v) >AR= Za(h)

=< O(.Z‘) >A,h7é 0 (35)

furthermore one has always

lim < O(x) >An=0
h—0
but, if there is a phase transition, a critical temperature T, exists such that for
T < T, one has:
lim lim <O(x)> 0.
h—0 |A]—+oco (z) A7
that is the infinite volume limit and vanishing external field limit does not
commute for T" < T,. This because the Free energy has the first derivative
discontinuous below critical temperature.
Now we consider some example.

Group Z2: A classical example is the forromagnetic Ising model:

H(o,h) = =Y o(z)o(x+0)

x

where o(z) : A — [-1,1] and A a two or more dimensional lattice. The
symmetry group Z? corresonds to the replacement o(x) = —o(z). As it is
easy to prove for each finite size lattice, if one introduces an external field
H — H(h)=H —h)_, o(x) then lim,_,o < o(x) >A =0, but it is possible to
prove that:

0
lim —( L T, h)) =
hi%h ah(|A\1£>noo AT h)) =m >0

0
lim —( lim T,h))=—-m<0
h—0— ah(|A|~>oo fA( ))
Then below the critical temperature two phase coexist, sublattices with
< o(z) >= 1 and sublattices where < o(x) >= —1. Therefore for T' > T, the
Gibbs potential has an unique ground state where < o(z) >= 0, whereas at
T < T, there are two equilibrium states sensible to the boundary conditions.

Continuous group: Let G a group such that for each g(f) € G, g = e~ %Ta
with ¢ = 1,...,n, 0, are the parameters and T, are the group generators. The
n matrices T, fulfil the following commutation rules:

[Taa Tb] = ifabcTc
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where the group structure constants f,p. are completely antisymmetric under
permutation of the indices. In a quantum representation g(6) — U(f) = e~ #0aCa
where G, (the charge operators) are the quantum representations of the group
generators such that [G,, Gp] = @ farcGe- We can do the following considerations:

1. if A(x) is a scalar representation of G then Ut A(x)U = A(z) from which
[A(x)’ Ga] =0 (36)
for each a. Hence there are not reason for which < A(x) >,=0

2. if A;(z) a G-vectorial representation then Ut A;(z)U = (e~ %aTe),; A;(z).
If we consider an infinitesimal G-transformation U = 1 —i6,G, we obtain:

U+AZ($)U = A,(JZ) — iea(Ta),»jAj (.T)
in adjoint representation (75 );; = % fap. hence
[Gau Ab(l’)] = ifabcAc((E)- (37)

Hence if U is an infinitesimal transformation we compute

< Ai(z) >p= LTr(efﬁHAAi(:17)) = LT?"((fﬁHAU+Ai(z)U) =
ZA ZA

= LTr(e*BHAAi(:L')) + i@aiTr(efﬁHA [Ga, Ai(2)]) =
ZA ZA

1
=< Ay(x) >p —04 faijZ—ATr(e*ﬁHAAj(z))
then we have < A;(z) >5= 0 for each finite size lattice.

3. if B;j(x) a 2-rank tensorial representation of G then
U+Bij (2)U = (efwaTa)ik(efwaT” )j1Bri(z)
and the commutation rules with the generators are:
(Ga, Bij()] = ifairnBrj(z) +ifajBu(z), (3.8)

This representation is reducible, but it is possible to prove that < B;;(z) >s=
0 for each lattice A such that |A| < co considering the irreducible repre-
sentations.

These considerations can be generalized to k-rank tensorial representation of
the group G.

An important consequence of the spontaneous symmetry breaking is the
correlation between operators relative to infinite spaced sites of lattice. Indeed,
if SSB occurs one has Long Range Order, that is

lim lim < A(z)A(0) >A=m #0.

|z| =00 |A| =00
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In a lattice system invariant under translations the correlation function dependes
only by the coordinate difference of the sites on lattice, that is < A(z)A(y) >=
Gz —y) =< A(x — y)A(0) > and if g(k) is the Fourier transformate then
g(k) =< A(k)A(—k) >. Indeed one can write:

glk) = e7*" < A()A(0) >= > e7* T < Az +y)Aly) >=

zeEA TEA

= Z e R TV < A(2)A(y) >= Z

zEA z€N,q,q’

oo A
e—zk (x y)ezq T giq’ -y

Al

< A(q)A(q) >

from which: _
g(k) = DY < A(k)A(q) >
q

Now, the first side of the previous equation is independent by y then we sum
on y and divide by |A| both side, obtaining

1
g(k) = A > gk) =< A(k)A(=k) > .
y
Now we will prove the theorem:

Theorem: Let M(z,y) =< O(x)O(y) > a square matrix of order |A|, if
M(x,y) has an eigenvalue of the order of |A| then the system has Long Range
Order.

Proof: The matrix M(z,y) is an Hermitian matrix hence it is diagonalizable,

furthermore, if its eigenvalues are {)\i}iih and f;(x) are the eigenvectors then:

[A]

M(z,y) = 3 Aifilw) £ ()
i=1

now the eigenvectors are normalized ||f;||* = >, |fi(x)[* = 1 therefore they

have a normalization constant ~ O(ﬁ), furthermore if \; = O(|A]) = alA]

then we write:

[A]
M(x,y>:°f'AA|'fj<x>f;<y>+ S MA@ W) (3.9)
i=1,i#j

hence lim |, |00 limja| 500 < O(2)O0(y) >= af;(x)f; (y) # 0.

Theorem: For traslational invariant Hamiltonian the plane waves are eigen-
vectors of M (x,y) and its Fourier coeflicients are the eigenvalues.

Proof: The secolar equationis > M(z —y)etk¥ = \etk'* hence by replacement
z' = x — y one obtains:

Z M(z — y>eik~y — gtk Z M(l‘/)e_ikwl
y x/
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from which A = g(k). In this basis the Eq.(3.9) can be rewritten as:

zk z k*
O >A Z |A| zka: _ |A‘ + Z 7621471
k#k*
therefore in the thermodynamics limit
ddk
lim < O(z)0(0) >r= ae'* = +f e g (k).

|A|— o0

Therefore an Hamiltonian H has Long Range Order for the observable O(x) if
exist a vector of the reciprocal lattice k; such that g(k;) = O(|A]), that is, the
correlator has a divergence for some vector of the reciprocal lattice.

In the following theorem we prove that the Spontaneous Symmetry Brea-
king is equivalent to the Long Range Order condition. Indeed if we define the
fluctuations of the order parameter as (A¢))? =< (¢p— < ¢ >)? > one has
that (A¢)? > 0 hence | < ¢ > |?> << ¢? > and defining the order parameter

A=3"ca ez‘quw A(x), in the thermodynamic limit one has:

o>

zEA

eiq*»w
<A P x)A(0) > 3.10
L CEEI DY A0 > (310)

TEA|

that is the maximum of the eigenvalue of the matrix M (z — y) then one can
write:

lim lim (< A(x) >A.h,)2 <

h—0 |A]—oc0 ’

< lim lim < A(z)A(0) >A.p—0 - (3.11)
|z]| =00 |A] =00
Therefore if the second side of the Eq.(3.11) is zero then also the order parameter
vanishes. On the other hand if the order parameter is non-vanish then also the
correlator is non-vanishing.

Theorem: One has spontaneous symmetry breaking if and only if

lim lim < O(z)0O(0) >A=a#0 (3.12)

3.3 Inequalities

In the theory of the phase transitions the use of inequalities between traces
and/or expectation value of operators has a natural application. In particular
it is possible to find upper and/or lower bounds of the order parameters or
correlators which allow to obtain rigorous results on absence or existence a
Long Range Order in thermodynamic systems. Therefore we derive some of
this inequalities by defining an opportune inner product and using the Schwartz
inequality.
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3.3.1 Indetermination Inequality

Theorem: Let A,B : H — H two arbitrary operators on Hilbert space H,
furthermore let H : H — H the Hamiltonian operator and |0 > the its ground
state then

| < 0|[A, B]|0 > [> << 0][A*, A]4[0 >< 0|[B¥, B].|0 > (3.13)

where [,] and [,]+ are, respectively, the commutator and the anticommutator
between the two operators.
Proof: One defines an inner product between the operators A and B as
(A, B) =< 0]A*BJ|0 > then one has:
| < 0|ATB|0 > |> << 0|ATA|0 >< 0|BTB|0 >

but

| <0|[AT,B]J0>|>=| < 0]ATB|0 > — < 0|BTAJ0 > |* <

<< 0]ATA|0 >< 0|BTB|0 > + < 0]JAAT|0 >< 0|BB*|0 > +
+24/< 0]JATA|0 >< 0|]BB*|0 >< 0JAA*+|0 >< 0|B+B|0 >

by using 2v/ab < |a| + |b| one proves the theorem.

3.3.2 Two point Duhamel function and Bogoliubov ine-
quality
The order parameter is the first derivative of the Helmholtz Free energy respect

to the external field h. The second derivative of f(T,h) gives the susceptivity
X, then it is:

02 1 1 P
- = U Y (o BH+BRO
X (Oh)? f(T,h) 3 \A1|1£>noo [A[Te(e-PHT770) 6hTr(e 0)

Now, one knows that in general d%eH(h) #* %ﬁﬁ)emh), this because dgﬁlh) and

H(h), in general, do not commute. Therefore one has:

1
d mny _ (—ayr(n) CH(P) opin)
e = bfdme — ¢ . (3.14)

By using Eq.(3.14) the susceptivity is the thermodynamic limit of the following
function:

1
1 dx _ —x — Bz
X= 4] J 7T P ge ) (3.15)
0

Then one defines the two points Duhamel function as

1
d
(A, B) = f gTr(e*“*I)BHAe*IﬁHB), (3.16)
0
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it is easy to verify thet the Eq.(3.16) defines an inner product between two
operators, then by the Schwartz inequality one obtains:

(AT, B)* < (A", A)(BY, B). (3.17)

Now we give two important properties of the two points Duhamel function:
Lemma: Let A:H — H an operator, then:

(AT JA) < = < ATA+ AAT > (3.18)

N =

Proof: Indeed, writing explicitely the trace in Eq.(3.16) and inserting the
identity operator 1 = > |a >< «f, where |a > are the eigenvectos of the
Hamiltonian, one has:

1
1
(AT, A) = 7 jdee_(l_”)ﬁE“ < alAT|d) > e PP < o/|Ala >=
0

aa’

1
1
=5 Zjdxe*ﬁEaew(E“*Ea’) < alAt|d >< d/|Ala >=

aa’ 0
E‘a 67,3(Ea/7Ea) _ 1

1 _
:EZB B m <OZ‘A+|O/ >< OLI‘A|O[ >,

but knowing that the exponential function is a convex function one has the
following uinequality

671ﬁEQ _ e*Ea/ /8

< P -8E. | 8B
BB B = 2(6 +e )s

then

1
(AT, A) < ﬁ(z e PBe < At >< o/ |Ala > —|—ZeiﬁEa’ < alAT|e >< d|Ala >) =

1
:§<A+A+AA+>.

Lemma: For each A and B operators on the Hilbert space ‘H the following
equality holds:
<[A,B] >= B([A, H], B) (3.19)

Proof: Writing the second side of the Eq.(3.19) in explicit way one has

1
(A, H], B) = ngdxe*“*m)% < al[A, H]jo > e e’ < o/|Bla >

aa’ 0
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but < a|[A, H]|o/ >= (Ey — E,) < a]Alo’ > hence

1

1

B([A, H], B) = - Ze‘BE“ fdxe_w(Ea’_E“)ﬂ(Ea/—Ea) < alAld' >< d/|Bla >
0

ao’

being, furthermore e=*#(Fo'=Fa) 8(E,, — E,) = f%e’w(Ea’*Ea) one obtains

1
B([A,H, B) = > (e7PFe —e7PEar) < alAld) >< o/ |Bla >=< [A,B] > .

aa’

Bogoliubov inequality for 7' > 0[1]: For each A and B arbitrary operators
on the Hilbert space H the following inequality holds:
b«

| < [AvB] > |2 < 9 [AJrvA]-‘r > ‘ < [B+> [Ha B]] > |a (320)

proof: By Eq.(3.19) and Eq.(3.17) one has:
| <[A,B] > > = |B([B, H], A)|* < (A%, A)([H, BY], [B, H])

but if one defines C* = [H, BT] then

6([HvB+]7[BaH]) = ([B,H],C+) =p < [BvCJr] >=f < [Bv [HaB+H >
Therefore by using the Eq.(3.18) the proof of the theorem is complete. The
Bogoliubov inequality is a rigorous relation between two arbitrary operators
A, B and the Hamiltonian H of the physical system. The its physical signifi-
cance depends by choice of the operators involved, it holds at closely positive
temperature, but it is possible to extend this result also at the ground state
of the system (T" = 0) where, in this case, the enegy gap play the role of the
temperature. Hence we prove the following theorem:

Bogoliubov inequality for T'=0: Let two arbitrary operators A, B : H —
H and H : H — H be the Hamiltonian of the system, if

A= inf E, — Eol 0
we o (Eop)] ol #

with o(H) is the spectrum of H and Ej the energy on its ground state, then
1
| <0|[4,BJjo> |* < ~ <Ol[AT, Al jo> [ <O[[BT,[H,B]]0> ], (3.21)

where |0 > is the ground state of the Hamiltonian.
Proof: One defines the inner product as

1
(A|C) = > ——— (< 0]AT|a>< a|C|0 > + < 0|4t |a >< a|C|0 >)
Eq — Ey
a€(o(H)—{Eo})

then (A|[H, B]) =< 0|[A*, B]|0 > furthermore (A|A) < 1 < O|[AT, A]4|0 >
hence by Schwartz inequality one can write:

| <OI[A™, B]|0 > [ = |(AJ[H, B))]* < (AJA)([H, B]|[H, B]) <
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1
< - <O[[4%, 41410 >< O|[[H, B]*, B]jo >

from which follows the theorem.

3.3.3 Falk Bruch Inequality

In Eq.(3.18) we give an upper bound of the two point Duhamel function, now
we prove the existance of a lower bound of this function.

Theorem|[2]: Let f:[0,+00) — (0, 1] such that f(ztanhz) = % then the
following inequality holds|[2]:

B <[A*,[H, A]] >
2 < [AT, A] >

(AT A) > = < [AT, A] > f( ) (3.22)

N |

Proof: The function f(x) is a convex and strictly monotone decreasing function,

indeed if one define g(x) = x tanh x then f(z) = w with f'(x) < 0 and

f"(x) > 0 for each = € [0, +00). Now we define the following variables:

b(A) = (AT, A) (3.23)

g(A) = % <[4+, A, > (3.24)

c(A) = B < [AY,[H, A]] > (3.25)

h(z) = %Tr(e’(l’””)ﬁHAJre’IBHA). (3.26)

By differentiation of the Eq.(3.26) one has h/(z) = %Tr((e*(l"”)BH[H, Ale~"PH AT)
hence

b(A) = fdxh(x) g(A) = 3(h(0) + k(1)) c(A) =h'(1) = h'(0), (3.27)

in Eq.(3.26) we write the trace in the basis {|ja >} of the eigenvectors of the
Hamiltonian and including the identity operator 1 =" |o >< af hence

1
h(l’) = EzeiﬁEaezﬁ(EO‘*Ea’” < OL|A+|O[ > |2

ao’

furthermore inserting 1 = [ dt6(t — B(Es — Eo/)) one has that h(x) = [ du(t)e®
where

1
dp(t) = dt-, > e PPl < alAta > [?5(t — B(Ea — Ear))- (3.28)

The Eq.(3.28) defines a definite positive measure. The proof of the theorem is
besed on the Jensen inequality that involves probability measures and convex
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function, that is if dw is a probability measure and ¢(t) a convex function one

has:
£ dw®)o(t) < [ du()o(2). (3.29)

Then one define a new measure dv(t) = (e’ + 1)du(t) from which:

b(A) = fdy(t)%tanh% g(A) = [du(t) «(A) :4fdy(t)§tanh§,

hence dw(t) = ‘;’ZX)) is a probability measure, furthermore being f(x) convex
one has:

)= g(A)f([ dw%tanh%) < g(A)Idwf(%tanh%) _
=g(A) J dw% tanh% =b(A)

Corollary: Let b > gf(;) with f : [0,+00) — (0,1] a function such that
f(ztanhx) = 28h2 If there are two quantities B and C such that b < B and

¢ < C then ’
< LB eom(y]|-L) (3.30)
9=73 O 1B '

Proof: We define G such that B = Gf(%), if we suppose that g > G hence
1 < %, but f(x) is strictly decreasing then b > B and this is in contrast
with the ipothesis. Now if one defines % = ztanh x then g = % hence the
inequality in Eq.(3.30).

3.3.4 Reflection Positivity

In this section we consider certain interactions which satisfy a positivity pro-
perty called reflection positivity. This concept was introduced in quantum field
theory Osterwalder and Schrader([3] and it has continued to play an important
role, in particular in the theory of the phase transitions[4, 6, 7, 8, 10]. This
property can only be formulated for lattices which have a certain reflection in-
variance. For simplicity we only consider simple, cubic lattices. In the language
of a mathematical physicist reflection positivity expresses the existence of a self
adjoint transfer matrix. In more general case let H a many-body Hamiltonian
defined on a lattice and M is a set of all relevant operators of the system, and
we assume that this set is an algebra with the operations of addition, complex
scalar multiplication and operator product. In several cases, this algebra can be
written as the direct product of two subalgebras and an isomorphism © between
these subalgebras can also be introduced. More precisely we consider an arbi-
trary Hermitean polynomial Hamiltonian H : H — H, wehre the Hilbert space
has the form of tensorial product of two subspace H = H, ® H_ furthermore
let M4 the subalgebras My = {F |F : Hy — Hi} and © an isomorphism
between M and M_ such that for each F' € M_
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e 02=1
e <FO(F)*>>0

then the Gibbs state < - > is called reflection positive. Here * is the complex
conjugation. In Classical and Quantum Lettice systems this propriety is used to
prove the existence of the Long Range Order, in these case one assumes periodic
boundary conditions so that the lattice A C Z? is equivalent to a d-dimensional
torus . If the number of sites along a specified direction is even, then it exists a
plane P orthogonal to this direction that divides the lattice A in two sublattices
AT and A~ such that A = AT UA~, and AT N A~ = 0. For instance, for a
direction along the x-axis, we have

A={zez2? |-L+1<ux;<Lji=1.4d},
1
P={zcR¥! jor = 5},

At ={zez? |-L+1<z, <0},
A ={zxecz? 1<z, <L}, (3.31)

L being the number of lattice sites.
Thus, it is possible to define an idempotent one to one mapping 0 between AT
and A~ such that:

T ifk#1

0@l =4 1% ko1 (3.32)

and the ensemble Ap, a sublattice of sites of A, that lies on a plane located on
the left of P plane and parallel to it,

Ap={z €A |x; =0}. (3.33)

Therefore, P is a empty ensemble whereas Ap is not empty.
Next, we define a mapping x between operators on the two sublattices such that

0(0(x)) = GTO(0(x))G

for any operator O(z), with x € AT, §(x) € A~; G is a suitable unitary operator.
The reflection positivity condition corresponds to the definition of the definite
positive inner product between two operators relative to two sublattices. More
precisely, the Hilbert space of the Hamiltonian model is the tensorial product
of two subspaces HT and H~ associated with two sublattices and for each A :
HT — HT, O(A) : H~ — H~, hence for each pair of operators A, B : HT — HT
one can define an positive inner product between A and B as:

(A|B) =< A©O(B) > .

Therefore, by the Schwartz inequality one has that for each A, B € M™, where
M™T and M~ the corresponding subalgebras operators to the two subblettices,
the following inequality:

| < AB(B) > | < (< AB(A) >)7 (< BO(B) >)*. (3.34)
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Lemma: For each A € M™ one has Tr(AG(A)) > 0.
Proof: Indeed

Tr(AO(A)) = Tra, (A)Tra_(9(A)) = [Tra, (A)* > 0

Theorem: If the Hamiltonian of the system has the form:
H=A®i+1i26(4 ZB ® O(B (3.35)

where A, B; € M™ then the Gibbs state is reflection positive.
Proof: We consider F' € M* and compute the thermal expectation value:

< FO(F) >= %Tr(e*"HFG(F)) =

iTr( BABT+Ee(A) - T, Bi®o(B)") p(F)*),

Z
The Hamiltonian, by redefinition of A, can be transformed as follows:

H:A®i+i®@(A)*+%Zp:(Bi—e(Bi)*)Q (3.36)

i=1
then, by using the Trotter formula, one has

< FO(F) >= lim a,

n—oo
where the sequence a,, is:
1 A o) 1 (B;—0(B)*)?
a, = —Te(FO(F){e Pme P e 21" (3.37)
z i=1

but using the Hubbard Stratonovic transformation

—+oo
_p? dq _ﬁ+iqp
e = —e 1 3.38

we write:

i 95

1 A o)  dPgqe” "1
o= =Tr(FO(F)* {e PuePn V(&4 Bi (£7)20:0(B:i)"
an = 5 TH(FO(F) {e "te Rf T ][e 3)aiBig =iV (5 )

and, observing that ([ dq(..))” =[Ii—, [ dai(...)i = [d"q[L;(...)i, we have:

an = TrFG) fduH ﬁ%efﬁo“‘)]‘[ W@ Bi =i/ (000"
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where the measure dp is defined as

din,, HHe i (3.39)

i=11=1

then

n p
jd,ﬂr (FO(F H 5202 T iV EuuBi —iv/ a8y _

1 - _BA u —q B Y. B
:Ejd'u{TrAJf(Fllj[le B,Llj[le VEDaBipn2 > g

where we used tha condition that each operator in M, commute with any
operator in M_.

Gaussian Domination theorem: Let an Hamiltonian operator of the form
(3.35) with the additional condition that the all B; operators are real (that is
B} = B;) then one has:

Z(h) = Ta(e~PASIHIEOMN 43 XL (B=OBI=h)D) < Z(h=0)  (3.40)

where h; with 4 = 1,...,p are real number, physically it is an external field.
Proof: one follows the same procedure used in the previous theorem. Indeed
by Trotter formula one writes Z(h) as limit of a sequence {a,},:% where the
general term a,, is:

(sl | C 1)

=1

from which, using the Hubberd Stratonovic transformation, after some step one
has:

— T V(B aiths oy g—B 4 o~ 2L V(E)aBi =iV (3)0:0(B)y —
an—jdull:[le @i Tr(e e He a 4 )=

n P n p
- f dp H etV (%)fmhiTr(+)(e*ﬂ% H etV (%)Q’ilBi) H Tr(*)(efﬁ@(n“) —iy/ (%)qij@(f"i))_
1=1 i=1 j=1 j
(3.41)
Now an inner product can be defined (f|g) = [ duf(q)g*(q), hence if we define
the two function f and g as

n P
(q) — H etV (L) aith () (e*ﬁ% H etV (%)QilBi)
= =1
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n D n p
) = [[ Gl 11 V(30 0(Bi)) — [ (P4 I1 eV (3m)auBiy
j=1 i =1

i=1 i=1

then using the Schwartz inequality we have that a,, < |a,| = [(flg)] < /' (f]f)(9l9),
but it is easy to prove that (f|f) = (¢9]g) from which

n p
an < (fIf) = fdu [[eVEatiry) =0 [T V@B, (3.42)
=1 i=1

Now following step by step backward the procedure one proves that the second
side of the Eq.(3.42) is equal to Z(h = 0). Therefore the ineqality (3.40) is
proved. We notice that the index ¢ in Eq.(3.40) can be an enumeration of
operators but it can indicate also the sites of the lattice. Then, in this case, the
Hamiltonian is:
P
H=H, @l+106(H,) - Y  (Bi(x)0(Bi())) (3.43)
zeNi=1

Gaussian Domination theorem II: Let H be an Hamiltonian operator of
the type:

H(h) = A+60(A)" + zn:(Ba ~O(Ba) — ha)* — i(Db —O(Dy))*  (3.44)

b=1

where the operators {B,}"_; are real hence B} = B, whereas the operators
{Dp}y, are purely imaginary, that is D} = —Dy, then one has the following
inequality:

Z(h) = Tr(e PHMY < Tr(e PHA=0)) = 7(0). (3.45)

Proof: The proof follows the same steps of the previous theorem, but the
Hubbard Stratonovic Eq.(3.38) for imaginary operators is:

“+o00
P’ = j ﬂ€_§+qD. (3.46)
o VAr

In Classical and Quantum systems defined on lattice the Gaussian domination
theorem has an important corollary that we will use.

Corollary 1: Let H be an Hamiltonian operator of a system defined on lattice
A C 74, let G be an unitary operator such that Gt HG has the form (3.43)
and {hy(z) |z € Ayi =1,..,p, | =1,..,d} with hy(z) € R, furthermore
let ©(0O(x)) = O(f(x)). If one defines the divergence on lattice as dhy(x) =
> ha(x +6;) — hy(x), then the following inequality holds:

Tr(efﬁ(G"'HG*ZzeAijl > 6lhil(I)Bi(z))) < eﬁHgHz (3.47)
Tr(e—AH)
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wherel = 1,...,d whereas ||h[|> = Y- _ . |hi(2)|* in which h;(z) = 27:1 hi(x).
Proof: The proof of the theorem uses the result of the Gaussian Domination
theorem. The first step is to fix the reflection plane P orthogonal to z; axis,
therefore the Hamiltonian has the form (3.36) and contains a term with the
external field h;(x) as follows:

GYHG=H (h)@1+120O(H(h)+ % zp: (Bi(x) — O(Bi(x))*)*—

rz€Ap,i=1
d 1 d 1 d
= Y Y @B -Bila-) )y 3 S ha@P-3 3 Y hate)?
zEAP,i =1 zEA,i 1=1 zEA =1
p d
= HLoitieoHL M)y Y (Bile)-OBi) ~ha(@)’~5 3 3 lha
z€Ap,i=1 zE€A I=1

The Hamiltonian has the same form of Eq.(3.36) hence we can write:
Tr(efﬁ(GJ’HG*Z’;eAi:l iy Ouhir (2)Bi(2))) = egllh\\Qz(h)

where the partition function is defined as in Eq.(3.40). Then by the Gaussian
domination theorem one has:

1Z()[* < Z(h1y))Z (b)) (3.48)
with

h(_)l(:z:) = { 0 ifxeAp s

and similarly
hi(z) ifoxe Ay
h(+)i($> = { 0 ifx € Ap
hi(f(z)) ifxeA_—A,

We notice that h4);(x) have a number of equal zero components larger than
hi(z), this property allows us to state that if the inequality Eq.(3.48) is true,
then Z(h) is maximum when h;(z) = 0 for each = € A.

Indeed, let us suppose that Z(h) is maximum for a specified value h = hyqz; if
this maximum value is assumed at more than one point of the lattice we may
select the point with the largest number of h’s components equal to zero. Then,
by inequality Eq.((3.48)), we know that there is an other point of maximum
for Z(h) with larger number of vanishing components in contradiction with the
hypothesis. Therefore, h,,q, must be identically zero, therefore the inequality
in Eq.(3.47) holds.

Now we shift the external field as h;(z) — Ah;(x)), where X is a constant, there-

2
fore, in Eq.(3.47), the first side is a function of A and f(\) < e 2 Thenim (ha(@)?
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Performing a Taylor expansion of both sides of the Eq.(3.47) and noticing
that f(0) = 1 and % f(A)|x=0 = 0, we get:

10+ 2 70 + 0% <14 X2 S (hata)? + 001

zeA,il=1

dO dO -
(o) <8 2 i), (3.49)
€N, il=1

where O(A) = —BH + M3 Y0y iy S, Oiha(x) Bi(z). The Eq.(3.49) holds for
h such that any its component is real. Now we observe that for each A and B
complex we have:

(A, B) = (ReA,ReB) + (ImA, ImB) (3.50)

where ReP and ImP are, respectively, the Real part and Imaginary part of the
operator P. Therefore the inequality Eq.(3.49) holds separately for Real and
Imaginary part of the involved quantitities. The choice of the h function is arbi-
trary and depeds by physical system, typically the Eq.(3.47) is used to obtain an
upper bound on the susceptivity x;;(¢) = (Bi(q), B;(—q)), in this case we choose
hi(x) = hi(e™"@=0) — =0Ty hence O(N) = —BH + 2\8>.F_, h; Bi(¢)E_(q)
where E_(q) = Zld:l(l —cos q;) and h; are constants, furthermore, by Eq.(3.49),
we have the following inequality:

p P
28E_(g) Y hihj(Bi(g), Bj(—q)) < [A] >,
ij=1 i=1
but taking hl = (51'1 or hi = 52‘2 OI‘...hi = 51'1, we have:
(Bi(q), Bi(—q)) < AL (3.51)
2BE_(q)

In Eq.(3.51) the two point Duhamel function is computed using the Hamiltonian
GT HG hence, returning, to H we write:

Al
G+Bi q G,G+Bi —q G § |7
(G*Bi(g) (96) < 355
The plane P is arbitrary, furthermore the Schwartz inequality (3.34) can be used
an arbitrary number of times hence one can obtain an its disseminates version
(a type of Holder inequality).

(3.52)

Chessboard estimation: Under the hypoyhesis of the previous theorem, gi-
ven

A : " — H an osservable and T, the traslation operator such that 7,7 A(y)T, =
A(z + y) then for each x € A the following inequality holds:

| <[] A@) >a | < [ (< [] (@, A@)T. L) >a) T (3.53)

zEA zEA yeA
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Proof: We do reference to the convention (3.31), (3.32) and (3.33), with perio-
dic boundary condition and, for convenience, we take L; = 2P foreachi = 1,....d
where p € IN. As the first step we consider two reflection planes, the pla-
ne P, is defined as in Eq.(3.32) whereas P is shifted of 2P=2 sites respect to
Py, hence they divide the lattice in four sublattices and the operator algebra
in four subalgebras. Now if we consider four operators belonging to the four
subalgebras A;(1), A2(2), A3(3), A4(4) and the correspondent shifted operators
A;(1), A;(2), A;(3), A;(4) with ¢ = 1, ..., 4. Then the iterated Schwartz inequality
gives the following result:

| < A1(1)A2(2)A3(3)A4(4) >4 | =| < A1(1)A2(2)01(A5(2))01(As(1) >4 | <
< (< A1(1)A2(2)01(A1(1))O1(A2(2)) >1)7 (< As(2)A4(1)O1(A3(2))O1 (As(1
= (< A1(1)01(A1(1))A2(2)01(A2(2)) >4) % (< A3(2)O1(A3(2)) A4 (1)1 (A4(1

< (< A1(1)01(A1(1))02(41(1))02(01(A1(1))) >a)7

X (< A2(2)01(A2(2))O2(A2(2))O2(01(A2(2))) >4)¥ %

X (< A3(2)01(A35(2))O2(A3(2))O2(01(A3(2))) >4)¥ %

=

X (< As(1)01(A4(1))O2(A4(1))O2(01(A4(1))) >a) 7.
But being for example O (A;(1)) = A1(2), ©2(A1(1)) = A1(4)
A1(3), hence we have that:

| < A1(1)A2(2)A3(3)Aa(4) >a | < (< A1(1)A1(2) A1 (3) A1 (4) >4) 7 x
X (< A(1)A2(2) A2(3) A2(4) >1)7 (< A5(1)A3(2)As(3) A3(4) >4)
x(< As(1)As(2) Ax(3)As(4) >5)7.

This procedure can be iterated and in general one can consider a generic reflec-
tion mapping #() with respect to P, plane as:

=

X

Tk ifk#1
@ ={ g T ki (350

717561

we can take [ such that < [ < 2P that is a plane for each bond between two
sites on lattice obtaining the inequality:

2P 2P
< [T > << HA ENES (3.55)
=1 i=1

In Eq.(3.55) we considered all the planes P; with ¢ = 1, ..., 2P orthogonal to the
(1) direction, hence repeating the argument in the other d — 1 directions one

has
[A| [A] [A]

| <[4 >a 1 <T](< HA (2;) >a) T,
i=1 =1

if one has a single operator A(z) depending by site on lattice one has the result
in Eq.(3.53). The Eq.(3.53) is used in the Infrared method and in the Peierls
Argument in order to estimete the Contour weight.

IN
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3.4 Infrared Bound Method

If in a translation-invariant model there is a phase transition then we can prove
the existence rigorously if some inequality is fulfilled, in particular if there is
a k™ belonging to the first zone of Brillouin such that the correspondent Fou-
rier component deverge in the thermodynamic limit, in such case the Fourier
transformate, in the thermodynamics limit, has the form:

g(k) =< B(k)B(—k) >= ¢’ (k) + m?§(k — k*)

hence the system has Long Range Order with order parameter m? = lim|p |00 <
(>sen B(x))? >. The goal of the Infrared Bound Method is to prove that
m? > 0 at low temperature. Therefore, in a general theory, we consider a system
with Hamiltonian H where H is invariant under transformation U = e?eQa
belonging a Group G where @, with a = 1,..., N are the generators of the
group, furthermore {Q,} fulfil the following commutation rules:

[Qav Qb] = 7:fachc-

We suppose that, for example, B, is a vectorial order parameter, hence:
[Qa; Ba] = ifabeBe-
We suppose that the Fourier Transformate of the correlator
g(k) < f(k) (3.56)

and that there exist an wave vector k* such that limg_,;~ f(k) = +o00. This is
a condition to prove the existence of the phase transition, now we find another
condition. If the B, operator is bounded then we have the condition:

N N
< By(x)Bg(x) > 1 _8H
> = > Tr(e " B,(z)B =
‘A| Z‘A| 7’(6 a(x) U«(m))
z€N,a=1 z€N,a=1

N
_ 1 _
> Y e PP < a|Bu(x)Ba()|a >= 7 > e PE|By(x)|a > ||> < ||BII.

z€EN,a=1 « «a

1
~ ZIA]

then there exist a positive constant M such that the Parseval identity holds:

N N
Z < Ba(xﬁﬁa(x) > _ Z < (B,(0))? >= M, (3.57)
z€A,a=1 a=1

where we used the translation-invariant of the Hamiltonian and the quantity
[|B]| is the norm of the B,(x) operator. The Eq.(3.57) is an example of sum
rule and it together with the Eq.(3.56) forms a pair of conditions necessary to
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prove the existance of the phase transition. Indeed by the Eq.(3.57) one can
write

N N

Ba(2)B, 1
D N PO B ICLYGUES
zEN,a=1 | | keBZ,a=1 ‘ |
1 & 3 =
= 2 <Bulk)Buk) > D e < Buk)Ba(k) >
a=1 keBZ,k#k*a=1

that, in the thermodynamics limit, one can rewrite as M = m? + [ (QW)dg(k)
but by Eq(3.56) one has:

d
Mgm2+j%f(k).

Therefore one has phase transition if M — [ -4 (%)d f(k) > 0 at low temperature.
Now the reflection positivity property and the Gaussian domination theorem
or Chessboard estimate can be used to obtain the function f(k). As the first
example, we do reference to the Eq.(3.52) from which we notice that the su-
sceptivity of the vectorial observable ®;(x) = G*B;(x)G has a divergence in
q = 0. Then we compute the double commutator [G* B;(—q)G, [H,G' B;(q)G]]
and we estimate its upper bound, that is, we find the Function C(q) such that
| < [GTBi(—q)G,[H,G"B;(¢)G]] > | < C(q), hence by inequality (3.30) one

has
< ®(q)Pi(—q) >< Qg(q()q) coth( W)

but using the inequality cothz <1+ % one has:

(D C(q) 1
< Pi(q)Pi(—q) >< 2 (9 + BB (@) (3.58)

in particular in the ground state of the Hamiltonian (7" — 0) then

C(q)
2E_(q)

< 0|®i(q)®i(—q)|0 ><

(3.59)

In this case the sum rule of the Eq.(3.57) corresponds to Y/ p, ., \T1| <
®,(q)®,(—q) >= M, therefore one has Long Range Order if the following
inequality holds:

M — j ddk )q) >0, (3.60)

whereas we can estimate the critical temperature by:

dk a1
M- 1/ . 61
f 2E ﬁ el E (g " (3.61)
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Example[10]: As example we consider the Antiferromagnetic Heisenberg mo-
del, the Hamiltonian is

H=j > S()-Sx+90) (3.62)

zEN,S

where J is a unit vector on lattice. The invariance Group is SU(2) and the spin
components are the generators, the order parameter is the staggered magneti-
zation

M(T)=1im S S < Ss(z) > .
hﬁOxGA |A‘

The sum rule is easly obtained observing that

L2y = 3 Sg)- S(—q) = s(s+1)

z€A|A‘ qeEBZ

where s is the spin of the single site on lettice. Now we know that the .S; are not
all reals but we have two real components (S; and Ss) and one purely imaginary
(S2). In Eq.(3.62) the interaction is restrict to nearest lattice sites, hence the
lattice is bipartite, A = A4 |J Ap with:

e Ap={zxeA (-1 =1}
e Ap={zecA (-1l =-1}

Then we define the transformation operator G = [[,ca, e~"m52(2) that is a
rotation around Y axis of angle 7 of the sites belonging A p sublattice. Therefore
the transformed Hamiltonian is:

GTHG =j ) Sy(x)Sa(x+0)—j D (S1(x)S1(2+0)+Ss(x)S5(z+3)) (3.63)

zEAN, zEAN,

Now by introducing the external field h we observe that the Hamiltonian exhibits
the Reflection Positivity propriety, indeed if we do refernce to the convenction
Eq.(3.31), (3.32) and (3.33), then Hamiltonian (3.63) can be rewritten as:

GTHG =
=H 4+O(H_)+j Z Sa(2)O(Se(x))—j Z (S1(z)O(S1(x))+S5(2)O0(S5(x))),
rEAP zEAp
(3.64)
where
H_o=j Y  S@)Sa(z+0)—j > (Si(z)Si(z+0)+ Ss(x)Ss(z +0))
z,x+0EA_ z,x+0EAN_

Therefore by inequality (3.52) one has:

1

(GSi(Q)G+7GSi(_Q)G+) < M)
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then
1

(Si(q),Si(—q)) < m for each 1 =1,2,3. (3.65)

The susceptivity diverge at the ¢ = Q = (7, ...,7) € R? and this is a signal of a
phase transition. Now, we must compute the upper bound C(q) to the doubble
commutator [S;(—¢)[H, S;(¢)]], hence

[H, S;(q)] = i€z S e (700 — 1) Si(x)Sp(w + o)
€N,

from which

[S;(—a)[H, S;(q =—2Z e ) (1 — ') ZZS Si(z +0)

zeAN i=1

therefore

1
B
then by the Falk-Bruch inequality we have that the correlation function has an
upper bound, hence

= Z < 8i(q)Si(—q) >< Bs(s + DE-@) oy, (26\/;9@ +1)E- <Q)E+(q>>

2E(q)

d
| < [S;(=q)[H,S;(q)]] >| <4s(s+1) Z (1 —cosq;) C(q). (3.66)

Now if we define M? = W then

d*q
_ a2
BZ
therefore there is spontaneous magnetization if the following inequality holds

s(s+1) _BJZ ((217:)14 38(52—21)(57)_ (2) coth (25\/53(8 + 1)E(Q)E+<Q)> >0
(3.67)

whereas the Ground State is ordered if

2s(s+1) d*q |[E_(q)
Vs ) e B (3:68)

Inequalities like Eqs.(3.67) and (3.68) and their generalizations[11, 12, 13] al-
low us to conclude that the Antiferromagnetic Heisenberg model supports a
staggered spontaneous magnetization at low temperature in three or higher di-
mensions, whereas in two dimensional systems the Ground state is ordered if
s> 1/2. For s = 1/2 there is not an exact proof of the existence of a quantum
order of the system.
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Capitolo 4

Mermin and Wagner
Theorem

The phase transitions can be absent if the fluctuations amplitude diverge for
each temperature. The quantum fluctuation, due to the Heisenberg indetermi-
nation principles, can destroy the order in the ground state of the Hamiltonian.
The dimensionality of the system play a very important role on the amplifica-
tion of the thermal and quantum fluctuation of the order parameter. Indeed
a theorem due to Mermin and Wagner[35, 34] states that a continuous sym-
metry can only be spontaneously broken in a dimension larger than two. For
a discrete symmetry this lower critical dimensionality is one. For example the
antiferromagnetic Heisenberg model with SU(2) symmetry can not be ordered
at the one an two dimension at any finite temperature. Alternatively, for the
models with discrete symmetry as the Ising model where the symmetry corre-
sponds to reversing all the spins, the symmetry is spontaneously broken in the
low-temperature phase below a critical point in dimension two or higher, but
no transition occurs in dimension one.

The Mermin-Wagner theorem has been restated by Coleman in the fra-
mework of field theory. One can establish this property by showing that the
spontaneous breakdown of a continuous symmetry would lead to a Goldstone
boson. But in a two-dimensional space-time it is not possible to construct a
massless scalar field operator. Indeed the correlator is

—+00
< 0l¢(x, )6(0)[0 >= [ %Cos(qx)eiqt (4.1)
0

and it is an infrared divergent integral. No subtraction procedure may be de-
vised to circumvent this difficulty without spoiling the fundamental properties
of field theory, for instance, positivity of the Hilbert space metric. A massless
scalar field theory is undefined in a two-dimensional world due to severe infra-
red divergences. In the statistical language, fluctuations overcome energy in
destroying long-range order in this dimension. A simple argument reveals the

39
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nature of this phenomenon. Let us use a discrete classical Heisenberg model
on a lattice of side L. Compare the two configurations where the orientation of
the spin is allowed to vary along the direction, for example, of the X axis, the
energies are, respectively, proportional respectively to E, = —L? (spins parallel
to X axis) and to B = —L471 Zle cos(%i) if the angle between the spins and
the X axis is (8/L)i. The relative weight of these configurations is given by the

Boltzmann factor e #(Fe—Fp) e’ﬁTGZLdJ, For d > 2 one can see that the (b)
configuration has a negligible weight in the thermodynamic limit and for suf-
ficiently low temperature, meaning that order is favored. For d = 2 averaging
over fluctuations will destroy the order where all the spins are parallel to X
axis.

Same consideration can be done for the quantum fluctuation on the ground
state, therefore one can exclude that the countinuous symmetry can be broken
sponteneously in one dimensional systems. The Mermin and Wagner theorem
has a general validity, the unique restriction is that the interaction must be
short ranged. In which that follows we will consider itinerant electron systems.

4.1 T-finite Mermin and Wagner theorem

We consider an Hamiltonian operator having the form

N
H= ;7 t(lz — y)vT ()9 (y) + A sz(wﬂx)w(a:)) (4.2)

where A € Z< is a d-dimensional lattice, the field ¥ (x) is

c1(x)
Y(z) = : (4.3)

Cn(x)

with the anticommutation rules [c,(2), ¢ (y)]+ = 61y0ap and [cq (), cp(y)]+ = 0.

The Hamiltonian is invariant under a countinuous Group G. The more general
continuous Symmetry Group of physical interest is the U(n) Group. The U(n)
Group is composed by n x n Unitary matrices and any element of U(n) is
g = e 1205 0aTa where 6, are the parameter, whereas {T, }V_, with Ty = 1 and
N = n? are the generators of the group, they fulfil the following commutation
rules

[Tay Tb] = ifabcTc

Here the constant f,;. are the structure constant of the Group, they are comple-

tely antisymmetric under permutations of any pairs of the indices. In a quantum
N

representation ¢ — U such that U = e~*2a=1%Qa the charge

Qo= 3 v (@) Tuth()

zEA
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are the quantum representation of the generators. It is easy to prove that:

[Qa7 Qb] = Z.fachc-

Hence we suppose [H,Q,] = 0 for each a = 1,..., N, furthermore the following
commutation rules are fulfilled:

[Qa (), ¥(y)] = —bay Tutp(x)
[Qa(@), ¥ ()] = day¥p(2)Ta (4.4)

Mermin and Wagner Theorem: Let the Hamiltonian (4.2) where the hop-
ping is short ranged Y ., t(x)|z[* < oo, if one defines an order parameter as
the expectation value of the vectorial bounded operator

e—ikﬁx ()a(k*)
On= 2 TR O =T

where k* is a particular vector wave belonging to the first zone of Brillouin.
Then there is not Long Range Order for any finite temperature.
Proof: The proof of the theorem follows three step:

1. One introduces an external field h, then H — H(h) = H+V, = H +
RS pere ™ 0, ().

2. One obtains an upper bound of the order parameter, that is M (T, h, A) <
f(T,h,A) that after the thermodynamic limit became M (T, h) < f(T, h).

3. If the limy_o f(T, h) = 0 one proves that the order is absent.

In Eq.(4.2) the term Y f(¢ " (2)¥(z)) commute with Qq(z) = ¥ (z)Th(x)
whereas the Hopping term commute with total charge Qq, = >, Qq (). In order
to obtain the function f(T,h,A) we use the Bogoliubov inequality Eq.(3.20)
with an appropriate definition of the operators A and B, in particular their
commutator must be the order parameter whereas the operator B must be
connected to the generators of the invariance Group. Therefore, if we want
study the 1-component of the order parameter then we take: A = f1n5;0;(k*—k)
whereas B = Qn (k). The order parameter is a vectorial operator under G hence
the following commutation rules are fulfilled:

[A,B] = > e W =Rwthu) g 10, (2), Qu (y)] =

TyEA

TyEA

but using the Fiertz identity Eq.(8.12) one has that —fin; fine = —fiinfine =
nd1 hence:
[A, B] = inO4(k*) (4.5)
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Then | < [4, B] > |2 = n?|A]?|M;]? = n?| < O1(k*) > |? is the 1-component of
the order parameter. Now it is necessary to compute the double commutator
[B,[H, B], but we notice that [f(¢" ()1 (x)), B] = 0 then we must compute
only [B*,[H; + Vj,, B] where H; is the hopping term in the Hamiltonian (4.2).
Therefore we write:

[Hy, Bl =~ Y t(z—y)e *[Qn (), v (@) (y)] =

zx'yeN

== Y Ha—ye T @ @)[Qn (), b)) + [Qn (@), v (@) (y) =

zx'yeA

from which by using the Eq.(4.4) one has:

[Hy, B] = — Y t(z —y) (e ™ — e W)t (2) Ty (y).

TyEA

Furthermore:

B [H, B =— 3 tla—y)e ™ — e )eh [Qu(a'), ¢ (2)Twi(y)] =

zx'yeA

== Y tla—y)(e =)t (W (@) T [Qn (), ¥ ()] +HQn (@), v F (@) T (y)]) =
==Ytz —y)e™T — e V)T — M)t (a)(Tw) W (y) =

=2 Z tx —y)(1 —cosk - (z —y))v (z)(Tw)*U(y)

TYyEN

Therefore its expectation value is

| < [BY,[Hu Bl > [ <2 ) tz—y)(1—cosk-(z—y))| <" (2)(Tn) ¢ (y) > |
TyEA

but knowing that 1 — cosa < ‘"”2—2 and (k- (z —y))? < k*(z — y)? one has

| <[BY.[Hy, Bl > | <k Y ta—y)(z —y)*| <oF@)(Tw)*d(y) > |, (4.6)
TyeEN

Now one defines an inner product as (A|B) =< ATB >, hence by Schwartz
inequality one has:

< U (2)(Tw)*¥(y) ><< ¥ (2)(Tn)*d(2) >

hence, if the group G is the SU(2) group the T}, = % with o}, is a Pauli matrix,

then (7,)? = § and the expectation value of the " (z)y(x) is smaller then 4
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(the field operator v(x) has only two component). However, in general (T )?
is an hermitean matrix M = (m;;)7;_;, therefore

<P (@) (T )*e(x) >= D miy < (@)15(2) >< Anaa Y, < U (2)95(2) >

ij=1 ij

Az 3/ < UF @(@) >< 0F @)(2) > = Aas V2,
ij

where A4 is the max of the eigenvalue of the matrix M, furthermore by
hipothesis >\ t(z)x 2 < a with a independent by number of sites on lattice.
Hence the Eq.(4.6) can be rewritten as:

| < [BT,[Hy, Bl] > | < K2|Alan® A naz = pn?| AR (4.7)
By the same procedure we compute:
< [BY,[Vh, B]] >= h < O1(k*) >= h|A|M; (4.8)
Now we compute the quantity < [A", A]. > obtaining:
< [AT Ay >=2fin; fine < O;(k — k*)Og(k* — k) ><

< 2\/f1Nj < OJ(]C — k*)OJ(k:* — k) > finvk < Ok(k - k’*)Ok(k* - k) > =
= 2f1Nj < O](k — k*)O](k* — k) >

but let fia: = maxe<j<ny—1){fin;} and [[O]| the norm of the operator O;(x)
then:

Z <[AT ALy >< 2 e Y e FTRIT < 05(2)04(0) >< 2fmax NIAPP[|O] 2.
TENK
(4.9)
Therefore by Bogoliubov inequality (3.20), the Eq.(4.7), (4.8), (4.9) and sum-
ming on k one has:

2
M, |?
Z ‘Al k2| ;‘Ml‘ _/BfmairNHOH p

and in the thermodynamics limit:

2
|M1| j k2—|—h|M1| _BfmazNHOH P (410)

then the order parameter |M.|? is smaller of the function f(7,h) defined as:

BfmasNIIO|%p if d =
nZ__2 arctan —= ifd=1
NEEA e
f(T’ h) _ { (4.11)
BlmasNIIO|p if d = 2.

n27rln(1+7h“xjrl‘)
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hence limy o f(T,h) = 0 in d = 1,2 We proved the Mermin and Wagner
theorem in a generic Hamiltonian of itinerant electrons, but one can generalize
it to the Hamiltonian of the form:

N
H== Y j@-pB@By)+ Y F) (4.12)
zyeAi=1 TzEA

where the operators B;(x) with ¢ = 1,..., N are vectorial observable under G
and the operator F'(x) is a scalar.

4.1.1 Tensorial order parameters and Nematicity in the
Hubbard model

Until now we considered order parameters where the component are vector un-
der transformation belonging to group G. But we can extend the theorem if
tensorial order parameters are considered. Indeed during the past decade the
nematic Fermi fluids have received a great deal of attention[14]. The term ne-
matic comes from the classical liquid crystal terminology, and refers to a phase
that breaks a continuous rotational symmetry, but remaining invariant under
other symmetry operations, such as inversion and translation. When a lat-
tice is introduced, the underlying symmetry of the system becomes discrete,
so that the nematic order breaks a discrete rotational symmetry. The intere-
st towards these systems has been triggered by interesting and unconventional
transport measurements observed in two-dimensional electron systems at high
magnetic fields[15, 16], strontium ruthenate materials,[17] in several high tem-
perature superconductors[18, 19], and also in Fe-based superconductors[20, 21],
Furthermore, among the heavy-fermion systems, it is found that CeBg exhibits
non-magnetic quadrupole order[22], and the hidden-order phase in URusSis is
expected to be a quadrupole or higher-rank multipole ordered phase[23, 24].
The multiorbital Hubbard models have been adopted to investigate the orbital
polarized state, usually studied within a mean-field approximation[30, 31]. In
this picture, the microscopic models includes the three ty, orbital manifold in
presence of an on-site intraorbital, an on-site interorbital, and a nearest-neighbor
intraorbital interaction as well as the spin-orbit coupling[32].

Since we are primarily interested in d-band materials, we will start from a
suitable mathematical description of electrons belonging to these orbitals. It is
well-known that the five real d-states |d, > are given by

1 1
dp2_y2 >= —(12,2 > +|2, -2 >) |dpy >= —(|2,2 > —[2,-2 >
oz p >= (12,2 > 2,22 >) [doy >= (12,2 > =[2,-2 >)
1 1
|des >= —=(12,1 > +|2,-1>), |dy. >= —(|2,1 > —[2, -1 >)

V2 V2i

|d3z2—r2 >= |2, 0>, (413)
where, |I,m > denotes a state with angular momentum [, its third component
being m.
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If we define the annihilation and creation operators dyq, d7,, of electrons having
spin o in the « orbital, the model Hamiltonian on a periodic lattice A is:

H= Z t(z —y)df ,(2)dga(y)+

z,yEN,a,0
1 ! J i %
+U§nm(x)n¢a($) + i(U — 5) ,‘Z#bna(x)nb(x) — J“Z# St (z2)Sh(z) + Hso,

(4.14)
where a and b denote the orbitals like in Eq.(4.13), t(z — y) are the hopping
amplitudes between x and y sites on the lattice A, U is the on-site intra-orbital
Coulomb repulsion, and U’ — % is the on-site inter-orbital Coulomb repulsion
whereas J is the Hund coupling constant between electronic spin at different
orbital ¢ and b. The last term in the Hamiltonian is the SOI, whose explicit
expression is Hyo =1 Egp . S”;; Defining a multi-component field operator

zEA
by:
d$2,y2 (m)
duy(2)
Y(x) = dy () . (4.15)
dy- ()
d322,T2 (:L')

Now by using the propriety of the Pauli matrices the Hund term can be rewritten
as:

o 3 3
Hy==JY (WHa)5o@)’ + 57 Y vt (@)e() = 37D (na(2))?
T T z,a
therefore the Hamiltonian in Eq.(4.14) can be rewritten as:

H= Y t-y)(@)y)+

z,yeN
3 (U= U =) S ()45 (U= 3) S @)))? 3 (U-37) Y () (o)+

O.OC

£ YW (@) D)) + o,
We note that the term proportional to (n,(z))? is not invariant under rotation
hence with the constraint U = U’ + J we recover the rotational symmetry and
the Hamiltonian is:

H= > tx—yyt(@)(y)+

z,yEA
U’ 1 3 J o

+ Z(¢+($)¢($))2—§(U'+1J) Dot (@)(a)+5 Y ()

x
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Introducing the following matrices:

0 00 -1 0 00 1 0 0
0 001 0 0 00 0 1 0
= 0o 10 0 o0 T2=110 0 0 V3
-1 0 0 0 3 01 0 0 0
0 0 0 v3 0 00 v3 0 0

0 -2 0 0 0

2 0 0 0 0

™=l 0 0 0 —i 0 |,
0 0 i 0 0
0 0 0 0 0

the components of the orbital angular momentum are L*(z) = ™ (z)T%)(x),
a=x, v, z. Moreover, it is easy to prove that

[L(2), Y(x)] = =T"¢(x)
(L% (@), ¢ " ()] = ¢ (2) T (4.17)

Analogously, the components of the spin operator can be written as:
§°(a) = v (@) 5 (),

implying that
15°(@), 9(@)] = ~ 5 ()

[S%(x), ¢+ (x)] = 1/J+(:r)%a.

Finally, the components of the total angular momentum are J* = 3 J%(x),

where
a

Ji(z) =9t (@) (T 1 +1® %)w(x). (4.18)

We notice that the following commutation rules are fulfilled

(@) = ~(T*® 1 +16 )u()

a.a
[T, 4T ()] :¢+(x)(T“®]1+]1®?). (4.19)
Using these representations, the spin-orbit coupling term is then written as

a

Hyo =0y v (@)(T" ® %) (e)
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where the T matrices act on the orbital index, whereas the Pauli matrices o
act on the spin index. Furthermore, it can easily be checked that the Hamilto-
nian in Eq.(4.14) commutes with each component of the total angular momen-
tum. We define the order parameter as the expectation value of the quadrupole
momentum defined as:

QY = [ dep(a)min; — 55, (4.20)

where n; is the i-component of a unit vector n; = ‘:”7' and p(z) is a charge den-
sity. To investigate if the model Hamiltonian in Eq.(4.16) exhibits spontaneous
nematic order, we start considering the case in which 7 is vanishing, i. e. when
the spin-orbit term is absent. In this case, the total orbital angular momentum,
i e L* =3 L%x), as well as the total spin, i. e. S =% S%(x), are con-
served quantities, therefore by the Wigner-Eckart theorem, we know that the
matrix elements in the basis of the angular momentum L? and L? of any vec-
torial operator A’ are proportional to the same matrix elements of the angular
momentum L. Thus, one can write the second quantized Q% in the Eq.(4.20)
as

QY (x) =¢*(x) [; (T'T9 + TIT") — %5%2 (), (4.21)

and we may define the nematic order parameter as the expectation value of the
quadrupole momentum operator:

A=t > <QY(x) >, (4.22)

- |A| TEA

where |A| denotes the number of lattice sites of the A lattice.

It is important to remark that the Hamiltonian (4.16) has the same form of
the Eq.(4.2) and the order parameter (4.22) is a tensor under transformation
belonging to the SU(2) group, therefore under rotation it transforms like the
product of two vectors and fulfils the following commutation rules:

[La,Qij] _ Z-eaikaj + i€aijik. (423)

Now, let us suppose that there is a nematic symmetry breaking around the third
axis; in this case the nematic order parameter is

1
A, = Tl D < Qurye(z) >=

= ﬁ 2(2\/3 < (d;rLy2 (2)dss2—p2(2)+dy s o (@)dy2_y2(2) > +3 < (g2 () —ny.(2)) >).

We notice that A,, is the sum of the two terms: the first one is related to the
anisotropy between the X — Y plane and Z axis, whereas the second one to
the charge anisotropy between X and Y axis. It is well-known from classical
electrodynamics that if we write the electric potential of a charge distribution as
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the sum of electric multipoles, then the interaction energy between the charge
distribution and an external electric field may be easily written considering
that the charge density interacts with the external electric potential, the dipole
with the electric field, and the quadrupole momentum with the gradient of the
electric field. Therefore, the symmetry breaking Hamiltonian which we has to
add to the Hamiltonian in Eq.(4.16) is of the form H;,; ~ —9'E/QY, i. e.
Hiny = —A9Q%. If we introduce an electric field with gradient on the X — Y
plane, then the symmetry-breaking Hamiltonian is:

H)\ = —AZ Qz2—y2 (I)

Now, we may finally apply the Bogoliubov’s inequality to prove the absence of
nematic order. To this end, we define B(k) = Y. e #*L3(z) and A(—k) =
>, eF Q™. so that < [A(—k), B(k)] >= —i|A|A,, and

| <[A(=k), B(k)] > |* = |A]*| A,

The upper bound of the expectation value of the anticommutator between A
and A7 is:

<[A AT >= ) e F ) < [Q™(x), @Y (y)]4 >,

z,yeN

and summing on all wave vectors k belonging to the first Brillouin zone we can
write:

ST <4 AT 5= A1) < [Q7(2), @7 (@) >=20A1 Y < Q1)@ () >
k x T

Since by Eq.(4.20) the order parameter operator Q*¥ may be written as Q*Y =
Y+ (2)D™ep(z) with T = L(T*TY + TYT), we have that:

ST <A AT >= [AC) (D) Y < (@ (@) (@) (2)n(x) > -

k

Introducing the following operator O;;(x) = v; (sr:)wj+ (2), and defining an inner
product between two operators as (A|B) =< A" B >, then the second term in
the previous equation is

| < @ (@) (@) (@)i(@) > P << (@) (1-n; (@)vi(2) >< ¢5f (@) (1= (@) (2) ><

<< n(x) >< np(zr) ><1,

where we used the condition that the matrix elements of the operators n;(x)
and 1 — n;(z) are smaller of 1. Then we proved that

DT <[AT, A >< [APN' max (I7)* =|A]%a
- 1<i,j<N
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that is smaller then the maximum of the matrix element of I‘ij.
As the second step, we notice that

[BY (B H] = ) ta—y)(e "= ") (e ="V (2)(T?) 0 (y) =4 Y Quz—y2(2).

z,yeA zEA
The expectation value of this quantity is:
<[BY[B,H]| >=2 Y t(z—y)(1—cosk-(z—y)) < ¢* (2)(T*)*¢(y) > —4A|A|A,,

z,yeEN
and its upper bound is:
| < [BY[BH] > [ < Y tla—y)|lz—ylk’| < T (@)(T%)*¢(y) > [+4A[A]|A,]
z,yeEA
implying that
41A,
< (B4 B H] > | < [Alpo (k2 + 2502,

Here, we used the inequality

| <9t @)(T*)PP(y) > | < D (T)iy/<ni ><nj > <2y (1% =
ij ij
— on2 312y
=2N7 max {((1")7)ij} =0,
i. e. o is connected to the maximum among the matrix elements of (T3)?; we
also introduce the following notation: p =Y _t(z)|z|*.
In conclusion, summing on & of the first Brillouin zone, the Bogoliubov’s ine-
quality becomes

5 1 1 paoc
1A, Wzk:kuAM < ST (4.24)
po
but performing the thermodynamics limit and remembing the Eq.(4.10) and
Eq.(4.11) limy 0 ima o0 [An (A, [A])] = 0.

Therefore, we conclude that for one- and two-dimensional multiorbital Hubbard
model without spin-orbit coupling, the nematic long-range-order will not appear
at any nonzero temperature, since the order parameter goes to zero as the
symmetry-breaking field A is turned off.

The SOI explicitly breaks the rotational symmetry in the real space so that
the orbital angular momentum is not a conserved quantity. However, the total
angular momentum commutes with the Hamiltonian. Thus, the previous con-
clusions still remain valid if the operators A and B in Eq.(3.20) are defined as
follows: B operator has to be related to the symmetry operator for the Hamil-
tonian, i. e. the total angular momentum, whereas the operator A must be such
that the commutator between A and B has to reproduce the order parameter.
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Therefore, we define A and B in the following way: A(k) = >__ e**Q*¥ and
B(k) =Y, e~ J3(z), respectively. With these definitions we obtain an ine-
quality like that of Eq.(4.24), and we can state that the spontaneous quadrupole
momentum is vanishing also for a multiorbital Hubbard model in the presence
of a SOI, in low dimensional cases.

We notice that in the presence of SOI the results here obtained can be generali-
zed to model Hamiltonians containing other terms such as the hopping between
different orbitals or other Coulomb interactions. In the first case, the angular
momentum is not conserved. Nevertheless, if this hopping term commutes with
total angular momentum we can recover the results previously shown, otherwise
the rotational symmetry is explicitly broken and the previous conclusions are no
more valid. To prove this conclusion, we introduce the hopping term by means
of a mixing matrix M such that H; may be written as:

Hy= Y ta—y)p (2)Mi(y).

z,yeEA

The commutator of this term with the total angular momentum is:

e H = Yt -yt @ + T M),

z,yeN

so that if [T* + %, M] = 0 then the rotational symmetry is preserved and the
conclusions of the present paper still hold, whereas if [T* + %,M] # 0 the
symmetry is broken and we cannot exclude the existence of the nematic order.
To generalize the previous results at k-rank tensorial order parameter it is
necessary to describe it in terms of its spherical component, indeed the cartesian
tensor Q¥ or, in general, Q%% is reducible (it is the sum of object that they
transform itself in different way under transformation belonging G group, in this
case rotations). One defines irreducible k-rank tensor if it transform itself as the
irreducible representation of the rotations. Hence if U = e~ %/« is a rotation
of angle 6 then one defines the irreducile k-representation of the rotations the
matrices Dgfr)n, (0) =< k,m|e~ 7= |k, m’ > where k(k+1) are the eigenvalue of
the J? whereas m are the eigenvalue of the .J,, therefore Tq(k) with —k < ¢ <k

is a irriducible k-rank tensor if under rotations one has:
utTPU =" DT (4.25)

7
Let U a infinitesimal rotation operator then U = 1 — i6,J, (on the repeated
indices we intend the sum) then we write:
(1400 J) T (1~ i0,J0) = 3 < k,ql(1 — ibaJo) |k, g > T
7

from which we have the following commutation rules:

o, T = =3 < kol Jalk, g > TY, (4.26)

7
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therefore
[, TR = TP (4.27)
[Je. T = E(k +1) — (g £ D5, (4.28)

In this case, the tensorial order parameter can be defined as

eiq*-ac *)
A:Z A < Ty (x) >

TEA |

hence if we have an Hamiltonian like Eq. (4.2) then defining, for example,

—iqx k) ( x —i(qg*—q)-z(k
Blq) = J4(@) = X pen e (@) and A = T} (g —q) = e e 00T (a)
one has an inequality as Eq.(4.24) for the order parameter A.

4.2 T=0 Mermin and Wagner Theorem

The consideration done in the previous paragraph can be extended immediately
to the Ground State of the system if the non-vanishing energetic gap exist,
indeed if A = infp, c(o(m)-Ey) [Fa — Eo| # 0 then the inequality (3.21) allows
to obtain a inequality like (4.24) where the order parameter, now, is defined as
the quantum expectation value on the Ground State of an observable, say O(z),
that is

efik:*ﬁz:
M= .
;\ T 0]0(z)|0 >

In general we does not know the spectrum of the Hamiltonian, therefore we can
not extend the previous results to the ground state, furthermore a vanishing
energetic gap do not mean existence of the order. Then we need another strategy
for to study the Quantum Order on the Ground State.

In general the quantum fluctuations of the order parameter are smaller then
the thermal fluctuation, then there is not reason for exclude the order in the
Ground state of a two dimensional system, on the other hand, in one spatial
dimension the fluctuations can be amplified and the order can be absent. In
relativistic field theory the Coleman theorem excludes Spontaneous Symmetry
Breaking on the Ground State of a scalar field. The quantum fluctuation are
due to the Heisenberg indetermination principle, hence if the operator relative
to the order parameter commute with the Hamiltonian then the Ground state
can be ordered in one dimensional system, an example of this is the ferroma-
gnetic Heisenberg model where the Ground State is ordered also in one spatial
dimension. Indeed the Hamiltonian is:

N
H=->"5-8u (4.29)

i=1
where the periodic boundary conditions are imposed S N4+l = §1. Now we

consider the state in which all spins are polarized along Z direction, that is
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la >= @ |75 >(;) then it is an eigenvector of the Hamiltonian with energy
E, = —Nj, furthermore any state like

o >=&F i, 7 >0 @5, 5 — 1 >0 N4 aldd >0

is an eigenstate with energy F,» = —Nj + 1 then it is an excited state. We
remark that the order parameter is the expectation value of the total spin, but it
is a motion integral, hence the quantum fluctuations are absent. However, in this
case, one has Spontaneous Symmetry Breaking of the discrete symmetry S, —
— ;. Similar consideration can not done for the antiferromagnetic Heisenberg
model where the SSB is necessarily a continuous symmetry and the Ground
State is disordered, indeed, in this case an ordered Ground State does not break
the symmetry §Z — -5,

In order to prove the Mermin and Wagner theorem in the Ground State of
one dimensional system one must be use the inequality (3.13) and the reflection
positivity is necessary. The strategy is the same of the T-finite theorem, but
it is necessary the knowledge of the upper bound of the correlation function
on the Ground state, that is an inequality like Eq.(3.59). A prototype of this
considerations is the antiferromagnetic Heisenberg model where the Ground
State is disordered. Indeed the Hamiltonian is:

H=j Y S) S+0) (4.30)

z€EAN,0

The invariance Group is SU(2) and the spin components are the generators.

Now by introducing the external field A we observe that the Hamiltonian
exhibits the Reflection Positivity propriety, indeed if we do refernce to the con-
venction Eq.(3.31), (3.32) and (3.33), then Hamiltonian (3.63) can be rewritten
as:

GTHG =
— H_4O(H )+ Y $0)0(Sa(2)—i 3 ($1(2)O(S1 (2))+55(2)O(Ss()),
rz€EAP rzEAP (431)

where

Ho=j Y S(@)Se(z+8)—j > (Si(x)Si(x+8)+Ss(x)Ss(x+8))+

z,x+0EN_ z,x+dEAN_

+h > (—D)Ss(x
TEA_

Therefore the inequality (3.65) are true also in presence of the external field
h, hence we write

1 .
(Si(q), Si(—q)) < 28(1 + cosq) for each i =1,2,3 (4.32)

(Sa(q— Q),52(Q —q)) < ==
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Now, using the inequality (3.13) in which one defines A = S1(Q — ¢) and

S2(q) (here Q = ) one has:
| <O|[4, BJI0 > |* =] < 0|S3(Q)[0 > [* = [A]PA(|A[, h) (4.34)

where A = limy, 0 lim|y| 00 A(|A[, 2) is the order parameter. Furthermore we
compute the quantity:

> <O0[[A, AT] [0 >< 2[A[%s?, (4.35)
q

whereas by inequality (3.59) the correlator

2[A] <0[[S2(Q — q), [H, S2(g — Q)]]|0 >
(1 —cosq)

)

< 0[[B,BT]4]|0 >=2 < 0|52(Q—q)S2(¢—Q)|0 >< \/

hence after sraightforward algebra one has:

475(1 1 2hA(|A], R

Therefore by inequalities (3.13), (4.35) and (4.36) one proves easly that, in
the thermodynamic limit, the following inequality is fulfilled:

452\/js(s + 1)
A < SR (437
with
I(h) = T@ _ l-cosqg (4.38)
__W 2\ 1+ cosq+ f(h) '
where the function f(h) = thf((gl) then limp_,o f(h) = 0 furthermore the

integral (4.38) can be computed easly and one has:

h 1+1
1) = 2 VLW LAY
@ f(h)+1-1
but limy, 0 I(h) = oo then the order is absent.

In order to study the itinerant electronic systems we prove the following
equality for the T" = 0 susceptivity:

+oo
Jim 5(6(a).6(~)) = | %w §(w—Ea+Eo)(| < 0l¢(q)la > [*+] < 0lé(=g)|er > |)
0 a€o(H)
) (4.39)
indeed

B(o(a). o(~a)) = [ ZTr(e M o(q)e M g(~q) =
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1
A N =38, BB B
= [ 5 2o et < alg(gla’ >< of|g(~q)|a>=
0

ao’

1 e PPar — g=PFa
=7 Z —F —E, ° alg(g)le’ >< '|¢(—g)|a >

hence, we have

lim B(¢(q), (—q)) =

B—o00

1 e, | <alg(@la > 2 _p | <alolg)le > ?
_ - BEa/ _ BEqs _
= lim 7 Z(e E. _E. e B E. )=

B—ro0
aa’

1 / 2 / _ 2
i Ly LS > P | <ol > )

B B—o00 4 E,— E, E. — FE,

and inserting inside at the sum the quantity 1 = fj:oo dwé(w — Eo + Ey) the
Eq.(4.39) is evident.

T=0 Mermin and Wagner Theorem: Let the G-invariant Hamiltonian
in Eq.(4.2) defined on a one dimensional lattice, then the Ground State is
disordered, that is, if one defines the order parameter as

e—iq*‘x
A, =1 li _ o 4.4
hgrg)wlgnoo% A <ol (z)]0 > (4.40)

then is is vanish. Here ¢* is a vector belonging to the first zone of Brillouin and
Q. (z) is a G-vector operator.

Proof: If the non-vanishing energy gap exist then by Bogoliubov inequality
Eq.(3.21) the conclusions on systems at T-finite hold also in this case. Hence
we suppose that there are gapless excitations on the energetic spectrum, that
is exist a energetic band E.(g) such that lim, o E4(q) = Ey (if there is SSB
this is a Goldstone mode). The term F,(q) is given by Hopping term in the
Hamiltonian Eq.(4.2). Indeed if we write the Hopping term using the Fourier

components then we have: Hy = - El“A(‘q) na(q) with n(q) = ¢t (q)ca(q) and

Eo(q) =, ta(z)e™", hence if one considers an Hoppong such that ¢(z) # 0
foreach z = 1,..., N < |A]

N
E(q) = 2tW cosq + Z t® cos gl (4.41)
I=1

whereas if we consider the Hopping only between nearest sites then the disper-
sion law is

E(q) = 2tcosq (4.42)
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furthermore if ¢ > 0 the the minimum of the band is for ¢ = 7. If there is a
Goldstone mode then F(w) = —|Ey| + ﬁ, hence

A
E(q) = |Eo|cosq + Tl (4.43)

therefore by Eq(4.39) one has that

. 1
Blggo B(Qa(q)v Qa(_q)) < |E0‘( (444)

1+ cosq)

In Eq.(4.43) the quantity ﬁ is a gap for finite size lattice, indeed, in this case,
the Goldstone mode is a low lying excitation. There are many models where
inequality Eq.(4.44) can be proven rigorously using the Reflection Positivity as
the antiferromagnetic Heisenberg model. Now, the susceptivity diverge for ¢ = w
therefore in Eq.(4.40) we take ¢* = m. Furthermore we use the indetermination
inequality Eq.(3.13) where we take A = f1,nvQa(q) and B = Qn(Q — ¢q) and
following the standard Mermin and Wagner strategy the theorem can be easly
proved.

We remark that if ¢ < 0 then the Eq.(4.43) must be replaced by E(q) =
ﬁ cos ¢+ | Eg|(1—cosq) and the susceptivity diverge for ¢ = 0 then in Eq.(4.40)
we must take ¢* = 0, but in this case the order parameter commute with the
Hamiltonian therefore the quantum fluctuations are absent and the Ground
State can be ordered.
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Capitolo 5

Existence of Phase
Transitions in Strongly
Correlated Electronic
Systems

5.1 Orbital Order in ¢y, band of the TMO

The Transition metals are the elements that, in their compound, have partial-
ly filled d orbitals. The properties of transition-metal (TM) compounds are
a topic of longstanding interest, and many their compounds show an orbital
ordering[48], that is an Long Range Order on the orbital occupation[66]. In
these compounds the electrostatic interaction (Crystal Field Theory) removes
partially the degeneration of the d orbitals, in particular this gives rise to two
sets of orbital energy levels. The doubly degenerate e, set consists of the axial
orbitals dg2_,2 and ds.2_,» and the triply degenerate t2, set consisting of the
interaxial dgy, d,. and d,, orbitals. The Jahn-Teller effect reduce further the
degeneration[67]. Now we consider an Hubbard model for to, orbitals on a d-
dimensional hypercubic lattice A C Z?, confining the analysis to the half filled
case, i. e. three electrons on the ¢y, orbitals. We will adopt the following model
Hamiltonian:

1 1

H=—ty ¢t @)(a+0)+UY (nra(z) = 5)(nial@) = 5)+
z,0

z,a

+U' Y (na(2) = D(ny(2) = 1)+ V Y (na(2) = D(na(e +6) 1),  (5.1)

z,a>b x,0,a
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where a,b = zy, zz,yz denote the to, orbitals, ¢ is a unit vector on the lattice
and

d
P (1') = dy»
dy> (z)

is a spinor field operator, dgy (), dy.(z), dy.(z) being the annihilation operators
for electrons in the ¢34 manifold. The U term is the on-site intra-orbital Coulomb
interaction, the U’ term describes the on-site inter-orbital Coulomb interaction,
and finally the V' term corresponds to the off-site intra-orbital Coulomb inte-
raction, furthermore we assume that U=U" and, without to lose generality, the
hopping amplitude ¢ is a real and positive constant.

Then, we define the nematic order parameter as

1
Ay = m ; < (a2 (@) = ny=(2)) >,
and the staggered nematic order parameter as
1 Oz
Ang = m zx:eZQ < (Ngz(x) — nyz(x)) > .

with Q = (r,...,7) € R
To prove that a staggered nematic order (SNO) may exist within the model
Hamiltonian of Eq.(5.1), we start by defining the following operators:

I*(2) = 4 () (),

e (0 0
=5 o)

where 0% are the ordinary Pauli matrices and

with a = z,y, z and

T,

Il
INRY

T? = (T")* + (T¥)* + (T7)* = g ( 8 (1) )

We note that the I(x) operators fulfil a genuine SU(2) isospin algebra, that is:
[[F(2), I” (y)] = 204, (2) ,
(17 (2), I (y)] = £024 [ (2), (5.2)
\ivhere I%(z) = I*(x) £ iI¥(z) hence the eigenvalue of the operator I? are I =
1.

It is worth stressing that the Hamiltonian Eq.(5.1) is invariant under the global
U(1) transformation generated by I* operator.
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The order parameter can be then rewritten in term of I*(z) as

1 0. I*(Q)
_ 1Q-x z _
Ans A EZ e < I*(z) > T

Using I%(x) operators, the off-site Coulomb term of the Hamiltonian can be
written as follows:

HV*VZ Ngy(x) — 1) (Ngy(z +0) — 1)+

S (e () 4 1y (1) = 2) (s (+-0) 1y (4 8) — +2v§:fz VI (2+6) .

2
z,0

(5.3)
The existence of SNO will be accomplished if we show that[59]

e QT [* (1)

lim  lim < I*(x)I7(0) >= lim < () N

|z| =00 |A] =00 |A|—o00

)2 >#0. (5.4)

xT

5.1.1 Sum Sule and Symmetries.

We remark that the Hamiltonian is invariant under rotation of angle 7/2 around
the three axis X,Y,Z of the real space, hence the three orbitals are three
degenerates states, furthermore if we write the Hamiltonian as

H=H®O+2VY I*(2)I*(x +0)
z,0

with U = U’ then H® = H, + H;,; has a complete rotational invariance
in the isospin space, in particular for the H;,; this symmetry is also a gauge
symmetry, that is if we define U = erA e~ W0a(@) (@) then Ut HyppU = Hint
(this is do not true for the hopping term). Now we consider the correlator
G*#(8) =< 0|I*(x)I*(x+d)|0 > in the ground state |0 > between two nearest sites
x and x + ¢, it is independent from § direction. In terms of Fourier component
it is (BZ is the first Brillouin zone):
6iq~6

G*(8) = Y i <OF(@I (-0 >

qeEBZ | |

Now isolating the mode ¢ = Q = (7, ..., m) and performing the thermidynamic
limit we have:

d

G(0) =~y <OF@EQD >+ [ Ze <olr (@) (=)0 >=

d’q 1 . .
= -aws = [ el D eosa) <O @I C-0)0 >
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If we consider the set BT = {q € BZ | Z?:l cosq; < 0} then we have

d
(~3 > cosqr) <O (@I (~q)0 > (55)

i=1

dq
Ans > —G*(6) —
NS Z ( ) /B+ (27T)d

indeed the integrand function is non negative in B hence | gz < / Bt
At this point it is necessary to obtain an upper bound of the function G*(9),
therefore we write the energy in the ground state as

Ey=—tY < O0[(2)y(z+6)[0> + < 0|Hin0 > +2Vd|A|G*(5)
x,0

but < 0]A*B|0 > is an inner product between the operators A and B, hence
using the Schwartz inequality one can write that

<0ly™ (2)(z +6)[0 ><< 0] (2)y(2)|0 >

where we used the traslational invariance of the ground state. Then we conclude
that
Eo > —3td|A|+ < 0|H;nt|0 > +2Vd|A|GZ(0)

Now we consider the excited state |« > such that for each site the isospin is
polarized in +7% direction (the sign 4+ depends from the sublattice), that is
I*(2)|a >= €'@%[|a >. In this state the energy is higher or equal at the
ground state energy, furthermore it is easy compute an upper bound of this
energy. Indeed, the state |« > is obtained from the ground state by rotation of
angle 0, () dependent by the site of the lattice around an opportune axis a in
the isospin space, that is |a >= [] ., e~?=@!"@)|0 >= U|0 >. Furthermore
by Schwartz inequality we write

<o|Hjoa>< | < o|Ha > | <t Y| <0UTYT (2)UUT)(x + 6)UJ0 > | <
z,0

< tdz <0|UtY T (2)y(z)U[0 >= tdz < alpT(z)y(z)|a >= 3td|A|
then we have
Eo < 3td|A|+ < 0| Hipnt|0 > —2V I%d|A|

from which y
G*(6) <3 =17
(6) <3
but knowing that 1% > i one has that the condition Eq.(5.5) can be rewritten
as

1t dlg  1&
> - _ _ . z zZ(__ .
Ans =z 7 =655 /B+ CIEARr ;:1 cos g;) < O[I*(g)I*(=g)|0 > (5.6)

then there is SNO long range order if the second side of the previous equation
is strictly positive.
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5.1.2 Existence of the Long Range Order.

In order to prove the existence of the SNO we do reference to the conventions
Eq.(3.31), (3.32) and (3.33) and we use the Infrared Bound Method.

Now, we notice that the hopping term of the Hamiltonian acts on an antisym-
metric Fock space, which does not have the form of tensor product H* @ H~.
Indeed, the field operators defined on H* does not commute with all field opera-
tors defined on H~. Therefore, by means of a Jordan Wigner|[60] transformation
we introduce two new operators pT (x) and p(z) defined as follows:[61]

plz) = H eimﬁ(y)w(y)w(@7 (5.7)
yEAT
pt(z) = ¢ () H e~ (YY) (5.8)
yeAT

It can be easily checked that

[o(x), p*(W)]+ =0 [p(x), p()]+ =0 [p" (z),p" (¥)]4 =0,

for each z,y € AT or 2,y € A~, while

foreachz € AT yc A orz € A= ye€ AT,
Now, coming back to our model Hamiltonian, we define two operators F and
R, where F' is the hole-particle transformation and R is an opportune gauge
transformation.

Since the lattices is bipartite, hence we define:

e Ay={z e |9 =1}
e Ap={recA [¢9=-1}
If one defines a patricle-hole transformation as follows:

p(x) ifxeAy

+ —
Frp(z)F = { eQrpt(z) ifxeAp

then the hopping term of the Hamiltonian (5.1) is rewritten as:

FYH,F = —t Z el @) p( 1) p(a 4 0) — ¢ Z Tt (2)pt(x +0)
rEANA,S r€AB,0

Now by U(1) Gauge transformation R =[] ., . ¢/(@@)n(@) the Hamiltonian can
be rewritten as follows:

RTFt*HFR = —t Z p(z)p(x+9d) —t Z pt(x)pT(z+6)—
z€EAA,S z€EAB,0
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—VZ (nay(x) — 1)(ngy(z +6) — 1) + Hy—

%
~3 Z(nm(x) +nyz(2) =2) (ng.(x+9) +ny.(x+6)—2) -2V Z I? ()7 (z49) .
z,0
(5.9)
Then, we can write the Hamiltonian in the required form and the Gibbs states

exhibit the reflection-positivity property:

H =RTFTHRF=H'@1l+1®x(H")-

—t > p@exp@) -t Y. prE)ex(t(@)

z€Ap N Aa zeAp MNAp
— Y Bu(@)@x(Ba()) =2V Y I*(z) @ x(I*(x)), (5.10)
zEAP,a TEAP

where [By(z), x(Bs(x))] = 0 for each x € Ap, a indicates all operators in
Eq.(5.9) that are defined on Ap and that are different from I#(x).

Now, the Reflection Positive form of the Hamiltonian allows the use of the
Gaussian Domination theorem then one has that the the nematic susceptibility

X'(q) defined as
x(q) = (I*(q), I*(=q))’,
has the following upper bound:

_(reeay 7 / Al
x(q) = (I*(q), I*(—q))" < m7

where I%(q) = \/ﬁzm e~?[*(x) and E_(q) = Zgzl(l — cosq;), whereas

(,)" is the Duhamel function computed using the Hamiltonian H' in Eq.(5.10).
Therefore we easly obtain the following inequality:

_ (72 . Al
x(q) = (I*(q),I*(—q)) < BVE Q)

(5.11)

(5.12)

where now E, (q) = Z?Zl(l + cos q;).
In order to obtain the upper bound for the correlator we use the Falk-Bruch
inequality (3.22), but we must compute the C(g) function, hence:

o [ )] = 5 350 St @100+ o),
z,0

but by Schwartz inequality one get < ¢ (2)T%)(x + §) >< 4, so that

< [IZ(_q)’ [Ht’ Iz(q)” >< QtE,(q) ) (5-13)

with E_(q) = Z?Zl(l —Cos¢q;).
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We point out that the inequality Eq.(5.13) is verified also in the ground state,
i. e.

< O[[I*(=q), [H, I (g)]]|0 >< 2tE_(q) -

Using this result, the correlator has the following upper bound:

1 [ tE_(q)
< I*(¢)I*(—q) >< 5\ | ——~ WEL () coth(26+/2tVEL(q (5.14)
On the other hand, in the ground state we have:
<OI*(g)I* (=)0 >< 5

Hence, the susceptibility has an upper bound that diverges when ¢ = Q =
(m,...,m). This result is very important since it may suggest a possible phase
transition. Indeed, let us start from Eq.(5.6) we have a SNO if

1 1/t diq E_(q)
Ans> -6 L /L >0
NS =4 Tav 2V av S a( E(q)
furthermore defining y = /5% and I'(d fB+ %)d -4 Zle Cos ¢;) ng EZ;

we have to resolve the inequality:

1 1

~—6y> - =I'(d)y >0

1 6y —Sh(dy >

but I'(1) = +o0, I'(2) = 0.65, I'(3) = 0.35, then the SNO exist at low tempera-
ture if:

t
d=2) — <0.06 5.15
) 7 < (5.15)
t
d= — <. 1
3) 3 <007 (5.16)

whereas d = 1 the previous equation is not conclusive.

5.1.3 Consideration on ¢, states and discussion of the re-
sults.

As extension of the previous results we can consider an other situation where
the ey electron are considered, in this case the infra-band off-site repulsion is:

Hy = V3 {0y (@) =1) (22 (246)— 1)+ (s (2)=1) (oo (2+0)~1)}.

(5.17)
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Furthermore now we have ¢ (z) = daz—y2(2) whereas the isospin I*(z) =
d3,2_p2 (‘T)
¢ ()% (z) and the order parameter is Ayg = >, % < 0|[I*(2)|0 >. In

this case the eigenvalue of the /2 is I = 1 and the conditions in Eq.(5.15) and
(5.16) are:

<0.44 (5.18)

<l =<l

<0.31 (5.19)

In conclusion we have shown that a half-filled multi-orbital Hubbard model
may support a SNO if repulsive or attractive on-site inter-orbital and intra-
orbital interactions and off-site repulsive inter-orbital interaction are considered.
We find that, depending on the dimensions of the lattice where the model is
defined, the SNO may or may not exist. In particular, applying the infrared
bound method, we have shown that in three dimensions the order may exist at
finite temperature and we get the condition for the existence of the SNO. In two
and three dimensional lattices the order may exist also in the ground state, if the
hopping amplitude is small enough (see Eqs.(21)-(22) and Egs. (24)-(25)). If the
existence of the nematic order is investigated within the Mermin and Wagner
theorem, it has been recently proven that rotationally symmetric models cannot
sustain the nematic order.[58] However, we point out that this result cannot be
applied to the present case, since the intra-orbital off-site repulsion breaks the
rotational symmetry of the model Hamiltonian so that the existence of the
nematic order at the finite temperature cannot be excluded. We point out that
the conditions Eq.(5.15) and Eq.(5.16) are sufficient but not necessary, implying
that the order can exist even though they are not verified.

Now, let us comment on a potential applications of the results above presen-
ted to real systems. It is well-known that in TMO with a-axis larger than the
c-axis in octahedral crystal field, if we would like to accomodate fourth electrons
in d-orbitals, we face with the following problem: one electron could be used
to pair one of the electrons in the lower energy (to4) set of orbitals or it could
be placed in one of the higher energy (ey) orbitals. The latter of these configu-
rations is called high-spin because it contains four unpaired electrons with the
same spin, whereas the other one is called low-spin because it contains only two
unpaired electrons. We notice that a similar problem occurs when we are loo-
king at TMO having five, six or seven electrons. On the other hand, we notice
that for eight, nine and ten electrons there is only one way to write energetically
satisfactory configurations. As a result, we have to worry about high-spin versus
low-spin octahedral complexes only when there are four, five, six, or seven elec-
trons in the d-orbitals. Therefore, referring to half-filled ty, orbitals, the results
obtained in this paper apply to elongated (a-axis lower than c-axis) TMO with
seven electrons in octahedral crystal field crystal or to flattened (a-axis larger
than c-axis) TMO with three electrons. Moreover, when half-filled e, orbitals
are considered, our results apply to TMO with two electrons (a-axis larger than
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c-axis) or eight electrons (a-axis lower than c-axis) in the d-orbitals. We would
like also point out that the Jahn-Teller effect may play an important role in
TMO compounds, and it is known that in these systems this effect can lead the
orbital ordering.[68] In particular, it has been recently proven that the ground
state of the compass model may exhibit a SNO-like orbital ordering, similarly
to the results here presented.[66] Nevertheless, we stress that the SNO order
here discussed appears within the crystal field approximation, neglecting the
Jahn-Teller effect, as shown in Egs.(5.18)-(5.19).

As final remark, we notice that the conclusions of the present paper do not
hold for the doped system, because in this case the particle hole-symmetry of
the Hamiltonian is lost and, within the procedure here applied, the upper bound
of the susceptibility cannot be inferred. Furthermore the conclusions reached
are not valid for systems with anisotropic hopping.

5.2 Charge Density Wave and Superconductivi-
ty in the Multiband Hubbard model.

Now we study the Charge Density Wave in the Multiband Hubbard model,
hence, doing reference to systems previous discussed, we consider an half-filled
degenerate d-band Hubbard model. Therefore the Hamiltonian is defined in
Eq.(4.16) where now we add a rotational-symmetric off site coulombian repulsion
Hy and an off site Pseudospin interaction, hence we write:

H=—tY ¢ (a))(@+06)+Hy+H+
zEN,S
+£Z(+()* 8)+n (@)t (z+0)) + - - N §)— N
LS @ 0) 4 @t 4 8) + o 3 (nlw) — N+ 6) — N)
TEAS z€A
(5.20)
where the field () is defined in Eq.(4.15) (in the d-band case N = 5), whereas

nt(z) = Zc;(x)cii(m) n(z) =Y, cay(®)car(x) (5.21)

T @) = S (0 (@) — N) (522)

are the generators of the pseudospin SU(2) algebra (« is the band index). Is
evident that they fulfils the SU(2) algebra, indeed:

[ (2), 0™ ()] = 20T (2)0ay
* (), (y)] = 207 ()0

One defines Charge Density Wave order parameter as:

e"iQw <n*(Q) >
Acpw =Y A <" (z) >= 77§\|) (5.23)
zEA
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with Q = (7, ...,7) € R?. The Charge Density wave LRO is a Spontaneous Sym-
metry Breaking of the U(1) of rotation around the third axis of the Pseudospin,
we remark that for J' # V the model is not Pseudospin SU(2)-symmetric,
therefore in low dimensional systems, the Mermin and Wagner arguments are
not conclusive and one can not exclude the order at finite temperature. Now
by Jordan-Wigner transformations Eq.(5.7), (5.8), the Hamiltonian (5.20) is
rewritten as

H=-tY p(x)p(z+0)+ Hy + Hy+
zEA
J ) _ -
+5 D @0 @+ 8+ @yt (x+8) +V Y 0t (@) (@ +9), (5.24)
2EAS wEN,S

we remember that in a state with [ orbital angular momentum one as N = 2[+1
electrons with definite spin.
The lattices is bipartite, hence we define:

e Ay={z €A |?* =1}
e Ap={z el [¢9%=-1}
If one defines a patricle-hole transformation as follows:

Ffp(a)F = { sz( )(x) giiﬁg

then the Hamiltonian (5.20) is rewritten as:

FYHF =—t Y @0 p@)p(a+d)—t e 9"pt(2)pt (w+0)+Hy+H,—
z€AA,S r€AB,S

- Z T+ +n (@ (@+8) -V > (z+6) (5.25)
z€EA,S T€EAN,S

Now by U(1) Gauge transformation R =[], ¢, , ¢ (@2)7(*) the Hamiltonian can
be rewritten as follows:

RTFTHFR=—t Y  pla)ple+d)—t Y  p(x)p"(z+0)+ Hy+ Hy—
TEN 4,0 z€AB,O
- Z T+ +n (@n (@+68) -V > » (z+6) (5.26)
zEN,S zEN,S

hence doing reference to the convenctions Eq.(3.31), (3.32) and (3.33) we rewrite
the transformed Hamiltonian in Reflection Positive form:

H = H @I+I2O0(H_)—t Z p(z)20(p(x))—t Z pT ()20 (p" (z))—

z€Ap (N Aa z€Ap (N AB
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—5/ >t (@)emt (@) +n (2)0n (x) =V Y nF(x) @ O(n*(z) (5.27)

rz€EAP Tz€EAP

Therefore, by Gaussian Domination theorem Eq.(3.52) one can prove that the
Charge Density Susceptivity fulfils the following inequality:

Al
n*(a),n"(=q)) < : 5.28
By same considerations we have the upper bound for the eta-pairing Suscepti-
vity:
(@™ (~0) + (1 (@)n* (~0) € (5.29)
’ ’ ~ J'BEL(q)

In each site of the lattice we can have maximum 2N electrons and minimum 0
electrons hence the eigenvalue m of n*(x) must be such that —N/2 < m < N/2
and the eigenvalues of n%(x) = 1/2(n*(x)n~(x) + n~(z)n*(x)) + (n*(x))? are
j(j + 1) with j = N/2. Therefore we have the following sum rule:

2 < w(an(—a) >= 5 (5 + 1 (530)

furthermore by Eq.(3.30) one has:

[ (=q), [H,n*(q)] >
VE(q)

<n*(g)n*(—q) >< ;\/IAI = (5.31)

but [7*(—q), [H,7*(9)]] = § X, 5(1—cos g-80)pT (x)3h(z+6) then < [n*(—q), [H,n*(¢)] ><
LE_(q)N|A|. Then the Eq.(5.31) became:

A [tNE_(q)

<n*(¢)n*(—q) >< (5.32)

~ 2\ 2VE ()

Then the divergence of the susceptivity indicates a possible CDW and Super-
conductivity Long Range Order.
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Capitolo 6

Gauge theories and
Spin-Orbit Coupling.

The interactions are due to the symmetry properties of the Lagrangian density
that describe the system, the electromagnetism is the more striking example of
this. Indeed the Lagrangian of the matter fields with charge are global U(1)
invariant and the generator of the Group, the Charge, is a motion integral.
This is the principle of the conservation of the electric charge. This symmetry
is not only global but local and this has the consequence of the existence of the
electromagnetic interaction. Indeed if one consider the Dirac field ¢ (z) with
Lagrangian density:

L =(x)(ig — m)i(z) (6.1)
where J = 7,0" = 7°9° — 479" and 9(x) = 4°¢T (z). The matrices y* are the
four Dirac matrices, they are square matrices of the fourth order, furthermore
they fulfil the Clifford algebra:

VA 4yt =29 T (6.2)

where g"” is the metric tensor:

1 0 0 0
, 0 -1 0 0
9"=10 o -1 o0 (6.3)
0 0 0 -1

In the standard representation the Dirac matrices are defined as follows

0_10 i OO'i 5_01
T= o -1 ) 77 =6 0 =01 o0

where the o are the classical Pauli’s matrices and 7% = i7%y14243. The
Lagrangian Eq.(6.1) is U(1) invariant, that is, performing the transformation

69
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Y (z) — ey (z) the Lagrangian is invariant therefore, by the Noether theo-
rem, there is a conserved current 9 J“( ) =0 with JH(z) = ep(x)y")(x) then
the charge, defined as Q = —i [ d*w5705— 8%(@)1/’ = e[ d*zypt(2)Y(z), is time

invariant Q = 0. We remark that in a quantum theory the Charge operator is
the generator of the symmetry group considered, hence one has that if U € U(1)
then U = 79?2 and Uty (z)U = e~*%4)(x). This symmetry is also local where
the parameter 6 dependents on the space-time coordinate. In order to extend the
invariance property of the Lagrangian density (6.1) at the local transformation
one defines a covariant derivative D, as 0, — D,, = 9, — ieA,(x) where A, (x)
is the electromagnetic 4-potential. The covariant derivative has the following
transformation propriety:

() = (z) = U(z)ip(x)

and
Dub(z) — D' (x) = UDu(z) = UD,UTY ()

hence
Dﬂ = UDMUJr

whereas the transformation law of the gauge field A,, are:
i
A;(ac) =A,(z)+ gUauU+ =A,(x) - 0,0(x)

Now one defines a strength gauge field as F,, = 0,4, — 0,4, and its dual
Fu = %EMUPUF P7 they are 2-rank antisymmetric tensors, but, whereas F),,
is a true tensor its dual is a pseudotensor under spatial reflections. The free
Lagrangian density of the Gauge field can be constructed by using both F,,
and F,,,, but it must be a true scalar function then one can not have term like
FuF#Y . Therefore the free Lagrangian of the Gauge field is L4 = a),, F*¥.
The constant o must be such that the Euler-Lagrange equations for £4 give
the Maxwell Equations. Hence, in natural units, a = —i and the complete
Lagrangian density for the Electrodynamics is:

L= LB P 4 ()P~ m)(e) (6.4)

These considerations can be extended to non-Abelian Group, for example
the QCD is a generalization to the SU(3) Group. Therefore, given a generic
Lagrangian with non hermitian matter field ¢(x) and G a non-Abelian Group
of symmetry with generators {7, }¥_, hence U € G then U = e~ Tl For each
generator one has a conserved current 0,Jf = 0 where J{ = —i57%— 50 ¢(w Tod(x)

Charge {Q,}N_; defined as Q, = [ d*zJ?(z) such that Q, = 0. The extension
to local Gauge transformations is done by taking

8u¢(x) — Du¢(x) = 8u¢(x) - ZAM¢(x) = 8u¢(x) - iAauTa¢(x)
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that is, there is a Gauge field Ay, (x) for each generator of the Group. In this
case the transformations property of the Gauge fields are:

A (2) =UAUT +iUO,U™.
u M (0

For non-Abelian Gauge theory the strength tensor is defined as iF},,, = [D,, D, ],
hence under Gauge transformation one has that F},, = UF,,U". The free
Lagrangian must be a Gauge invariant, that is, a G-scalar function, hence one
defines it as:

»CYM = —%TT(FHVFW/) (65)

whereas the complete Lagrangian for a generic theory is
1
L=Ln(o(x),Dyp(z)) — iTr(Fle‘“’)

the interaction is hidden in the covariant derivative.

6.1 Spin Orbit Coupling and Gauge Theories in
non-relativistic Field Thories.

If a charged particle is moving in a region where an electric field exist then
it is subject to the action of a magnetic field, this is due to the relativistic
transformations property of the electromagnetic field. Indeed if ¥/ is the velocity
of the particle (in the laboratory frame) with v < ¢ and E is the electrostatic
field in the laboratory frame then, in the rest frame of the particle, one has that
B ~ —E x E. Therefore if ® is the electrostatic potential then the magnetic
field, in the particle rest frame, is B~ ﬁ X 6@(5) The interaction between the
magnetic field due to the motion of the particle and the its spin it is the origin
of the Spin-Orbit coupling. If one consider a central potential then V®(r) =
%8%43(7") and knowing that the spin-magnetic field interaction, in Gauss units,

is Hgp = —;—Zg B one writes that
H, = 920 o

m2cr Or

This result is incorrect because it does not take account of the Thomas preces-
sion of the particle rest frame. A correct way to obtain all non-relativistic terms
is write the non-relativistic approximation of the Dirac Equation. Therefore by
solving the Euler Lagrange equations the motion equations of the Dirac field
are:

(1g —m)y(x) =0 (6.6)

But, in natural units, it is:

(i § + mB)y(a) = i g (z),
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and definited the matrices 8 = +° and

i 0i 0 o
v (8 )

In appendix we give a complete derivation of the non relativistic approximation
of the Dirac equation, indeed by a Foldy Wouthuysen transformation it is possi-
ble to obtain, order by order, the non relativistic equation. Then rewriting the
Eq.(8.39) one has:

2 =3

a+zeA0+zg ) {f—(V ieA— zg ><E) —((5’~§)2+(g

i(5; E)*)+H'}

(6.7)
where the coupling constant g is the Bohr magneton g = up = e/2m and H' is
defined as

Z,;f - 8%((13 —eA)' +e(P—eA) (G- B) +e(@ B)(P - eA)?). (6.8)

The H' term can be rewritten as
1

\)
X

H =

H' = —— (P = &) +2¢(P' = eA")(& - B)(P, — eA)) = V*(& - B)).
m
One can consider this equation as the solution of the Euler-Lagrange equation
LS. =0
opt(z) 7T

where the functional S(¢, %) = [d*zL(¢,¢T) is the Action and L(¢, ™) is
the Pauli Schroedinger Lagrnangian density defined as:

2
= WD — o (D) (D) + Lyt (WO + W+ £ (69)
where we defined
g . e
u:m:aﬂmhwgmo (6.10)
. . o )
=0" —ieA' — ig?Wz (6.11)
in covariant notation: D* = o* 4 ie A* + zg W‘”‘ (6.12)

with W,; = eijj, Waeo = 2B, and W, = %Ww. The fields Gg, are the

components of the Gauge fields and they introduce the spin-orbit coupling in

the free Schroedinger Lagrangian density £ = w*% 7= (0iY)T(0'). The

kinetic term of the Gauge fields are, for the electromagnetic potential F* =

OMAF — VAP and L = —L1FmF,, = %(E_'2 — B?) whereas for the non abelian
U(2) Gauge field it is:

a (1

giGauu = [au +ig a;ma +Zg 2

2 Wav] =

1gGuy =1
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. o .
= 'Lg?(a,uwau - (9VWa# - QGGbCWlIZWl,)

from which:

Gapr = 0 Way — 0, Way — geanc W WY (6.13)
then the its component are G, = 0 and if we define E! = G then
B 20 B -G B +igle- B2 x B] =
A gl Zy =

%3 = N = o= — - -
W VB +i4(BWt—-BtW~) Y VB +ig(B’W~ - B"W?)

- 5+ 2

W_ VBt +ig(BTW3 — B3W+) —(¥2 _UB%) +ig(BtW~ — B-W)
with W3 = (=E2, E*,0), W! = (0, —E3, E2), W2 = (E®,0,—E") and defining
Gij = €ijiB"

ﬁ:ﬁx(%xﬁ)_ig(%xﬁ)x(%xﬁ) (6.14)

Then the free Lagrangian density of the Yang and Mills fields is Loy o) =
—%TT‘(G#VG“V), that, after straightforward algebra becames:

1
Lsue) = —5(5HWW3”WW — 0y Wa, 0"WH) + €40, Wea, WHWY —

2
—%(Wwwywb,,wg — Wa Wi Wa, W)
therefore the complete Lagrangian density is

1 1 1 -
L= _ZF‘“’FW - ZG““”GW + iy Doyp + %(Diwﬁ(i)%) + L. (6.15)

The Zeeman and Spin-Orbit terms are hidden in the covariant derivative D; and
D; hence if one considers only these terms then the Lagrangian density is

L= — 1" By — 3 Ga G + it Do + - (D) (D). (6.16)

The Lagrangian Eq.(6.16) is SU(2)spin @ U(1)em gauge invariant then the cor-
respondents conserved Noether Currents are:

.l‘l‘ :—2687‘6 x_+x87£ m urren

() = —ie ( Gepa gy o) — 00 gy ) e current (6.17)
ey = P z) =T (z A — spin curren
7o) = i gm0 @G ey ) i et

(6.18)

We notice the last term in Eq.(6.15) breaks the Gauge symmetry, this because
the fields E' and B are physical observables hence the gauge symmetry SU(2) is
not fundamental. In general, if one studies system with only spin orbit coupling,
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one does not consider this term. Now by Lagrangian density Eq.(6.16) we
compute:

oL

A(Doy(x))
oL
(Doyp(x))*
oL BRI RN
6Dy~ am V)
oL 1 ;
W = —%(D (),

=iyt (z) (6.19)
=0

thus the current Eq.(6.17) is j*(z) = (p(x), j*(z)) with

p(z) = e (2)y(x)

J'(@) = (¥F (@)D"(x) — (D"e(x)) (@) (6.20)

e

2m
whereas the Spin Current Eq.(6.18) is J%(z) = (M%(x), J%(z)) where the
components are:

M (2) = g0 ()% () = 95° (1)
7)== (0@ G D) - (D) Gu) (62

Tha quantity M%(x) is the magnetic moment density, whereas the spatial com-
ponent J*(x) are the component of the 3-vector Spin-Current. Furthermore
the Eq.(6.17) and (6.18) can be rewritten more explicitely as follows

pla) = ep* (@) ()
j'(@) = =iz~ (¥ @)0"(x) — I (@) (@) - vt (@)Y (@) A (@)

(6.22)
and
M (@) = gurt () T ()
7@ = =i (@G 000 - 00 0 G0 ) - L@
(6.23)

Therefore one can consider:

o L =iyt (z)D(x) — 5= (Dy(x)) T (Dep(z)) in this case the Lagrangian
density is completely invariant under gauge transforrgations, then the total
current is covariantely conserved 9,7 = 0 and D, J* = 0.
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e The Lagrangian density Eq.(6.9), neglecting £’ contains a Gauge fixing
term Loy = 52=07 () (W, WH) ¢(x) hence by a infinitesimal gauge tran-
sformation this term changes as:

2
Lo = Loy = Lag — iz @)[W",U*9,U)+ () + O(?)

with U = T — iﬂa(x)% and [,]+ the anticommutator, then it is gauge
invariant if
YT (@)W, UT0,U] 44 (2) =0 (6.24)

but

Uto,U = —i@,ﬂa(az)% +0(6%)
from which the Eq.(6.24) can be rewritten as
a

OpBa(a)r* (@)W, -] 4ib(a) = 0 (6.25)

o’ 1

but [W#, %], = W then the gauge fixing condition is:
0,0, (VT (2) ()W) = —0,0,, (YT (z)p(x) W) + surface term.

Now neglecting the surface term one can write the gauge fixing condition
as:
0, (VT (z)h(x)W ™) = 0 for each a = 1,2,3 (6.26)

from which

9,(¥T (z)(x)) = 0 (incompressible fluid) (6.27)

a

OB
8, W = 0 then

5 =0 (6.28)

Then by Eq.(6.28) one has Gauge invariance if the magnetic field B is
time independent

In general, however the Lo and L' are of the order ~ O(#) then one neglects
them in the first approximation.

6.1.1 Spin-Orbit interactions in low dimensional semicon-
ductors

Now we consider a 2D electron gas where the spin-orbit interactions are impor-
tant. In particular we study some models where we have a spin orbit interaction
due to an external electric field and/or produced, for example, by nuclei in mole-
cules or solids. As frequently discussed, the Rashba spin-orbit (RSO) interaction
and Dresselhaus spin-orbit (DSO) interaction exist in two dimensional electron
gas (2DEG) made of semiconductor heterostructures. The former, with strength
adjustable via the gate voltage[69, 70] results from the inversion asymmetry of
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the structure[71], while the latter is due to lack of bulk inversion symmetry[72].
Rashba spin-orbit coupling Hp = (/%) (P x &) and the coupling coefficient « is
proportional to an external electric field. The Dresselhauss interaction can be
written as

g

Hp = ﬁ(Pmal — P,o?)

For 2D models with SO interaction of Rashba and/or Dresselhaus type, the
time component of SU(2) potential (in Gauss units) is

2
A(2) = Zpp B ()

with an appropriate Landé factor gy,.
The spatial components are defined as

A z)=0
-8 —a
- 2 . 2
Ay =22 o | @)= (6.29)
eh eh
0 0
It can be easily checked that the substitution
p2 1 = e~ o0® a®
- — (P— ZA*_ 2 Aaoi
om g (E AT ) AT

allows to obtain the well-known Hamiltonian with SO Rashba and Dresselhaus
coupling:

He X i by 05 Bl (6.30)
2m R b gL2mcU v '
Here,
Hp = %(Praz — Pyl
and
HD = %(Pwal - PyO'Q)

are the Rashba and Dresselhaus terms, respectively.

6.2 Lattice Gauge Theories.

The Lattice gauge theories are the most promising method for extending, at the
non-perturbative regime, the Quantum Chromodynamics. The most common
approach to these theories is the Lagrangian formulation, where the action and
all fields contained in it are discretized on a 4-dimensional Euclidean space.
The Hamiltonian formulation, less often pursued, offers an alternative to
the Lagrangian framework with several attractive features. In this case the
fields are discretized on a 3-dimensional lattice whereas the time is a continuous



6.2. LATTICE GAUGE THEORIES. T

variable, hence in the non-relativistic many body problems this approach has
a natural application. In particular we describe the Hubbard model with spin-
orbit Rashba and Dresselhauss interactions as a Lattice SU(2) gauge theory.
In a Lattice Gauge Theory the Gauge fields live on the links between two
sites, then U(x,y) is the gauge field living between x,y € A, we remark that, in
our case, A is a Crystal Lattice defining the structure of a solid. We start de-
scribing the Lagrangian theory and as second step we describe the Hamiltonian
approach. Therefore let G a gauge transformations Group, its elements are
g = eifaTa,
where 01, ..., 0,, are the group parameters and 711, ..., T, are the group generators.
These operators fulfill the commutation rules

[Taa Tb] = ifabch

where (fabe)? p.o—q are the group structure constants. Let A ® Z (A is a spatial
lattice whereas Z represents the discretized time) a 4-dimensional Euclidean
lattice and 1 (x) with € A ® Z the matter field then a local transformation is
defined by the following relation:

d(x) = ¢ (@) = e DTy (a). (6.31)

The Lagrangian of the matter field contains terms like ¥ (x)(z) and terms
non-local as ¢+ (z)1(y). The local terms are naturally gauge invariant whereas
the non-local one break the Gauge symmetry, then, as in the continuous case, in
order to restore the local invariance one introduces the link Gauge field U (z, z+
e.), where e, is a unit vector along the p direction, with 4 =0, ...,3, and a link
vector potential A¥(x) = A,(x,x + e,). Therefore, for each pair of (z,z +e,)
nearest-neighbor lattice sites we write:

bla) (e +ep) = BT (@U@ +ey),
with
Uu(a) = Uz, z + e,) = ¢ 44T,

We remark that Ul (z) = U_,(x + ¢,). If lattice sites (z,y) are not nearest-
neighbor sites, we consider the link path ordered sequence

n—1

I(2y,2n) = U (@i, Tit1),

i=1
and we define U(x,y) as
Uzy) = [[ Ulz+e)= e Zinerey Aal)Te =

(zD)€eT (z,y)

i [Ydx,AMT?
= Pe fz 123 s
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where the link gauge field is such that
Ula,y) = U'(w,y) = =Tl (2, y)ei0eOTe. (6.32)

If C' is a closed path, that is C' = (J_, (z;, z;41) with 2,41 = 1 and one defines
the Wilson loop

P
w(C) = H Uz, zit1)) = Pet § dwp A% (2)T°

=1

then the trace of W(C) is gauge invariant for each C, indeed under Gauge
transformation one has W (C) — W'(C) = e~ Ta0 (@)W (C)eTa%(®) with 2 € C.
On the other hand we know that the plaquettes, elementary square, are the most
local closed contours and any closed loop is the union of elementary plaquettes.

In the Group theory two elements g,g belonging to G are equivalent if
and only if exists h € G such that gh = hg’ then for each C and C’ closed
path on lattice one has that W (C) and W(C’) are equivalent, but the Action
for the Lattice Gauge field (Wilson Action) must be 1)invariant under gauge
transformation and 2) function only of the equivalence class of W(C), so a
candidate for the Wilson’s Action on lattice[74, 75, 76] is:

1
S=55 > ReTr(1— (Up(@)Un(z+ e )U_pu(z + e+ e,)U_ (2 + €)))) .
9 TEARQZ, pv
(6.33)
Now we indicate the argument of the trace with W (P) that is

W(P)=U,(x)U(z+e)U_p(x+e,+e)U_(x+e,)

W (P) is the Wilson loop on the plaquette P = (z,z +e,) Uz + e,z + e, +
e,) U@+ e, + e,z +e,) U@+ e, xz). The Wilson Action Eq.(6.33), in the
continuous limit, must be the ordinary Action for the Yang and Mills fields
where the Lagrangian is defined in Eq.(6.5). In all previous equation the we
taken the lattice constant a = 1, but if we want study the limit for a — 0 we
must write U, (z) = e~ 904 (@)Ta where g is the coupling constant. Indeed the
continuous limit is defined as

. . d*z

lim E — lim f — E .

a—0 a—0 a
TEAQZ, v v

Now, knowing that A_, (z+e,) = —A,(x) and A_,(x+e,+e,) = —A,(r+e,)
we write

TTW(P) - Tr (efigaAu(:v)efigaAu(a:Jre“)eigaA“ (m+eu)€igaAy(:r)> _

B _ 6A+B+%[A,B]+...

and using the formula e?e we have that

W(P) =~
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—iga(A,(2)+ Ay (2)+adu Ay (2)— G2 [A(2),A, (2)]) giga(Au (@) + Ay (2)+ady Ay (@) + 52 [A (2),Au (2)])

4 2
= eiigazF“”(z) ~ <1 - igaFW - L 29 Fiu) )

~e

since the trace of the generator T, is vanish then Tr(W(P)) ~ Tr (1 — a4292 Fﬁy)

hence we write the Action as
: L atg?
i%s—g;%(@f P >>

1
= 1 fd4xTer,FW,

hence, in the continuous limit the Wilson Action corresponds to the Euclidean
ordinary Yang and Mills Action. A suitable order parameter for a Lattice Gauge
theory is the expectation value of the Wilson loop, hence one considers a closed
loop (closed link sequence) C' and the order parameter is

L -5
<W(C >_ZJ’ I[I Dpv.@) [[ Ve —EIDUWK%
(z',v)EARZ (:1:,;14 )eC
where we used the equality W(C) = [], . ec Uu(x) and Z is the Partition

function defined as Z = [ DUe™9, furthermore DU = [ yerez PUu(2) is
the Haar measure on the group that has the proprieties:

UfDU:1

2)DU = DU’ = D(g*Uyg) for each g € G
that is D is invariant for transformation belonging to the Group G. (6.34)
The propriety 1) is a normalization condition, whereas the second one states that
the measure on the Group space must be invariant under Group transformations,
therefore for each gauge non-invariant function f(U) one has [ DU f(U) = 0,

hence
IDUUZJUI:E = COIlSt(S“(Sjk

indeed Tr(UU™) is gauge invariant whereas U;; U, g with ¢ # [ and j # k is gauge
dependent, furthermore Tr(UUT) = TrI = N then

1
| DU U = Sdasi
[ pUU; =0 (6.35)

In the Hamiltonian approach[77] the time is a continuous variable hence
we distinguish between plaquettes with a temporal link and those without.
Therefore we have

D ()= 2 )+ D (D D () D (e

T, v x,0,0 x,0,7 z,1,0 x,1,]
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and we study the system in the temporal gauge hence if Ay = 0 then Uy(z) = I,
furthermore we take x € A®Z — (z,t) € A ®Z where we separated the spatial
coordinate by time, hence we can write the Action as

S=— g Re Tr(1 — U;(z,t)U; (2, t + a)) + Re Tr(1 — Us(z,t + a)U;" (z,1)) | +
292 ) g i
rENtEZ
1
+2792 E Re Tr (].*UZ‘(I,t)Uj(’I+ei,t)U;_(l’+€j,t)U]+(x,t)) (6.36)
TEATELi]

where a = t;41 — t;, but
(Ui(z,t + a) — Us(x, t)) (Uj'(a:,t—k a) — Ui"’(x,t)) =

=2 —Ui(z,)U (z,t +a) — Ui(z,t + a)U; (z,1),

therefore the Action Eq.(6.36) can be rewritten as

1
5:2—92 > ReTr (Ui(z,t+a) — U, b)) (U (2.t + a) = U (z,1)) +

FAS\ W ASY//R)
1
—&—@ Z Re Tr (1 — Uiz, t)Uj(z + €;, t)U;T (z + ej,t)U;(x,t)) . (6.37)
TEALEL]

In the time continum limit one has lim, 0 ) ,c5(...) = lim, 0 I %() then one
has the form lim,_,o S = fdtL wehre L is the Lagrangian defines as

L =

1
=57

S ReTr | Y Ui, )T (z,t) + > (1= Ui, )Uj(z + e, YU (x + e, 1)U (x, 1))
zeEA i iJ

(6.38)
where the first term is the kinetic part whereas the second one is the potential
function. In Eq.(6.38) the matrix elements of the spatial link gauge field are the
generalized coordinates, then the conjugate canonical moments are:

oL
A(Ua (1))
oL
AU (x,1))i;

(Pa(m, t)ij =
(P (2,1))i; = (6.39)

but the kinetic part of the Lagrangian can be rewritten as

Diin = 507 2 (0l )03 (2,05 + (0 (0,5 (Ul ) :) =

z€Aa
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7 Z Us(2,1)is

TEAN,a
hence
1., . 1 .
(Pa(z,t))ij = gj(Ua (@, 1)ij  (Py(x,t))ij = E(Ua(x7t>)ij'
The Hamiltonian is

H= 3" ((Paley)igUal,t)is + (P (0, 0)ig (U . 0))i5) — L =

zEN,a

g* Z (2, 1)) 37 Z Re Tr (1 — Ui(z, t)Uj(z + €;, t)U;" (z + €5, t)

zEN,a rE€A,ij

furthermore taking

By (@,1))ij(Pa(,1))ij = % (Pa (2, 0))ij (Pa(2,1))ij + Pa(,))ij (Pg (2,1))ij) =

1
= §Re Tr (P, (z,t)Py(w,t))
here -* the complex conjugation. The Hamiltonian can be write as follows

2
g
H=" gA:Re Tr (P (z,t)Pi(z,t)) —  (6.40)

e Z Re Tt (1 — (Us(z, )Uj (2 + e;, YU (2 + ¢, ) U (z,1)))

J
zE€A,ij

Now, the matrix elements (P,(x,t));; and (Us(x,t));; are canonically conjugate
variables hence their Poisson Brakets is:

{Ualz,))ij, (Po(2', 1)) k1 } = Ozar dabdidji

{5 (@, )i, (P (2", )kt } = Gar OaOin 01 (6.41)
we remember that the Piosson Brakets are defined as
0A 0B 0B 0A
wn- ¥ ( - )+
2 OUa(z,t))ij O(Pa(,t))ij  O(Ua(w,t))ij O(Pa(z,t))i;

€N, aij

0B oB oA
»> ( U*xt)) AP (x,t)y;  OUx(,1))i; 8(]3;(%7,5))1.],) (6.42)

zEN,aij

hence, in a most compact way, we can write:

{A,B} =g¢° Z Tr

zeNa

( 9A 0B _ _ 0B 04 ) +hec
o (z,0) 0UF (z,0)  OUu(w,0) QUL (z,0))
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In order to quantize this system one must identify the independents degree of
freedom, a way is eliminate the U (or P, (x,t) variables in favour of the generators
of gauge transformation and impose the opportune constraints. Indeed if one
considers the Gauge transformation Us(x) — U, (z) = e~ 9% (@) Ta{;(z)ei90% (+ei)Ta
with 4,5 = 1,...,3 the Lagrangian (6.38) is invariant, then there is a conserved
charge E,(t) for each generator, indeed, for an infinitesimal Gauge transforma-
tion, we have

U, (z,t) = Ui (x) — ig (0 (2)TuUs (2, t) — Oa(x + €)Us (%, 1) T,)
hence

OU;(x,t) = —ig Z 00 (2") (02 2 ToUi(2,t) — 00t e, Ui, 8)T)
z’'€Na

U (x,t) =ig Y bal U (@, )Ty — 0t ppe, ToU; (2,1))  (6.43)
z’'€Na

then, by the Noether theorem, the conserved charge is

B(t)=3 (a(UaL(Wi(%t))m + ((SUiJr(x7t))kl'aL> =

zeh i (5 1)) ki AU (z, 1))k
= Z Tr ( (2,4)0U;(x, ) + 0U; (z, t) Ui (x, t)) (6.44)
zEAN L

such that ‘fi—]f = 0 that is F(¢) is time independent. Now inserting the Eq.(6.43)
in the Eq.(6.44) one has:

=L Z {(Tx (U+(x HTuUi(x, t) — U;’(m,t)Tan(x,t)> -

wEA ai

~Tr (Ui(:r — e )T U (2 — e, t) — Ui(z — e, Y TLUS (2 — e, t))} (6.45)

but, being all 6, independents, by E = 0 one has E, = 0 for each a = 1,..., N
with

Bo= b Y (M0 T, ) - U DT, 1) +

zEA,L
. . 3
+Te (Ut (2, ) T,U_i(z,t) — UL (2, )T U—_i(2,t)} = Z E.i(xz) (6.46)
rENi=-3

where Ey; () = —gTr(U;'(x, t)T,U;(x,t)) +h.c. is the charge on the link (x, x +
e;), whereas E, _;(z) on the link (z — e;,z). Now we write the Hamiltonian
Eq.(6.40) in terms of the plaquette variables U;(x)... and charges Fq;(x). As
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the first step, using the Eq.(8.12), we note that if A, B,C, D are four N x N
matrices then

Z Tr(AT,B)Tr(CT,D) = NTr(BADC) — Tr(AB)Tr(CD) (6.47)
obtaining the following identity

3
ZZEM (2, 1) Eos (1) %Z(NTrU (2.0, 1)) — (U} (2.)Ui (2. 1))°)

a 1=1

(6.48)
but, being U;(x) = e~ 94 (*1)  we can write
1
Ui(z,t) = —ig j dre (1-T)gAi(=.t) 4, (z, t)e*iTgA"’(””’t)
0

hence

Tr(U; (2,8)U;i(2,1)) = —igTr(A;(x,t)) = —igAq(z, t)Tr(T,) = 0.
Therefore the Eq.(6.48) becames

3 3
ZZwat Eui(z,t) = Z U+mt Ui(z,t)) =
a=1 =1 i=1
2N & : :
ZTr (Uf Ui(a,t) + Uz, U (x, t)) = 3" Re T(U; (2, )i (a, 1))
i=1

hence

N 3 2

ZZE‘” x,t)Eqi(z,t) ZRe Tr(P;t (z,t) Pi(z,t)). (6.49)

a=1i=1 i=1
Now, inserting the Eq.(6.49) in the Eq.(6.40), we obtain:

3
H = Z Z 0.i(2,t)) Z Re Tr (1 — (Uj(x, )Uj(x—l—ei7t)Uz-+(:1c—|—ej,t)Uj+(x,t))).
rEA a=11i=1 mGA ,ij=1
(6.50)
Now writing the charges in terms of coordinates and canonical momenta
= ZZ llc T U (1‘ t))lk — (U;r(l‘,f)Ta)lk(Pi*(,T,t)kl)

the Poisson Brakets between the charges and the generalized coordinate are:
{Em‘(l', t), Uj (ZL'/, t)} = —igéijészan(x, t) (651)
{Eai(2,t), U} (2", 4)} = 1905000 Uy (2, )T, (6.52)
with the link indices 4,5 = 1,2,3
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but being
E, _i(z,t) = fg%Tr (UZ(ZC — e, )T, U (x — €4, t) — Us(x — e, )T U (2 — ei,t)>
we have
{Eq—i(z',t),Uj(x,t)} = ig0ij00r aqe,Ui(x,t)Ta (6.53)
{Ba—i(a' 1), U (2,8)} = —ig0ij0ur are, TaU;" (2,1) (6.54)

hence the Poisson Berakets

3
{Ea(l‘/, t)v Uj (377 t)} = Z ({Ea,i(x/’ t)7 Uj ($7 t)} + {Em—i(x/) t)’ Uj ('r’ t)})

i=1
then

{E,(2',1),Uj(z,t)} = —ig (0ua ToUi(@, t) — 0t pe; Ui (2, 1) Th) (6.55)
{Ea(2', 1), U (2,)} = ig (000 U (2,8)Ta = 0ur wre, TaUjt (2, 1)) (6.56)
The quantization procedure consist in the replacement observable—operators

acting on a Hilbert space and {,} — —i[,], therefore at the Eq.(6.55) and
Eq.(6.56) correspond the following commutation rules:

[Ea(x/’ t), U; (m, t)] = =g (022 TuU;(2,t) — Ou’ zte; Ui(z,t)Tq)
[Ea(xlv t), U;_ (z,t)] =g (5m/Ui+(x, )T, — 5r/,fc+e¢TaUz+(xa t)) (6.57)

whereas at the fundamental Poisson Brakets Eq.(6.41) correspond the commu-
tators

[(Ua(, )iz, (Uyf (2, )) 1] = 19701560 6i1s
(U (2, 6))ig, (Uj (2, 6)) 1] = 19°615000r 50 (6.58)
In a quantum theory the charges are the generators of the generalized ro-
tations belonging to the Gauge group. Indeed let ¢(x) the classic matter field,

if we perform the transformation ¢(z) — 1/(z) = e~%9%(®)Tay)(z) then, in a
quantum theory, there is an unitary operator F' such that

¢ for any state | > we have |a >— |0/ >= F|a >

o < alp(x)|a>—
—< o [Y(z)|a >=< a|Ft(z)Fla >= e 9% @Ta < o|y)(x)|a >

where one can write F = e™* ZfeA 0a(2)Qa(®)  Then, for an infinitesimal transfor-
mation, we have F™(z)F = (I1—igf,(x)T,)¢(x) with F' = T—igy" s 0a(2)Qq(x)
then the following commutation rules holds:

[Qa (l‘l), ’(/)(Z‘)] = _51’zTaw(x)
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[Qa(x/)a 1/}+ (SC)] = 5m’mw+(x) (659)

the charge operator is Qu(z) = ¥ (2)Tat(y). If we consider the Gauge field
U(z,y) and F = e~ 2zea 9a(@)Gal®) gne has:

FrU(z,y)F = e 9% @Tagy (g, )¢90 W) Ta
from which one has the following commutation rules:

[Ga(2"),U(z,y)] = = (Our o ToU (2, y) — 00, U (2, 9)T0)
[Ga (x/)v U+ (xv y)} - 5x’,93U+ ((E, y)Ta - 5x’,yTaU+ (l’, y) (660)

Now by Eq.(6.60) and Eq.(6.57) we can identify G, (z) with gE, (), furthermore
hold the commatation rules:

[Ea,i ({,13), Eb,j (-'LJ)] = ifabcEc,i(x)éij(Swz'- (661)

Indeed we have

[Eq,i(z), By j(2")] = gTr([Eaﬂ-(x), U;(x',t)]Tij(J;’,t)+U;‘(x',t)Tb[Ea7i(x), U;(2',t)]—

—[Eai(x), U (& ,OITU; (2, 1) = U (2, ) Ty [ Ea i (2), Uy (2, 1)]) =
= 01000 Tt (Uj*(x’,t)[Ta,Tb]U]—( t) = U (2, )T, Ty)U; (2, t))
= i fupeiTr (U; (2!, OTU, (& 1) = U (2!, ) TU (o, t)) .

If one consider the SU(2) Group the operators then E, ;(z) are the components
of an angular momentum, hence taking |(x,i)n,p > the eigenvectors of E, ;(x)

and 22:1 EZ ;(x) = E?(x,1) one has
E%(x,i)|(z,3)n,p >=n(n + 1)|(z,i)n,p > (6.62)
E.i(@)|(z,i)n, p >=p|(z,i)n,p > (6.63)

In conclusion the complete (Gauge fields + matter) generators of the Gauge
transformations are

ZEM ) + ot (2)Tath(x)

1=—3
with [Jo(x), Jp(2")] = i fapee(T)Opar (6.64)

whereas the physical states are a subspace of the Hilbert space, indeed if H is
the Hilbert space, then the space of physical states is Hynys C H defined as

Hpnys = {la > H | (Eo(2) + Qu()) |a >= 0}

the constraint (E,(z) + Qa(z))a >= (3°__ 3FEai(x) + Qa(x))|a >= 0 is the
Gauss law.



86 CAPITOLO 6. GAUGE THEORIES AND SPIN-ORBIT COUPLING.

6.2.1 The Hubbard Model with Spin-Orbit interaction.

After having considered the main results for the lattice gauge theory in the
preceding section, let us now discuss how they can be applied to the Hubbard
model in the presence of SOIs.

Now we conside the non-degenerate Hubbard model with Rashba and Dresse-
lhauss Spin-Orbit coupling, hence defining the spinor ¥ (z) = ( ?Eg ), where

1

¢y is the annihilation operator at site € A C Z¢ for an electron with spin o,
then the Hubbard Hamiltonian may be written as

H= Y tz—yyT(@)y)+U > ny(z)n(z), (6.65)

z,yeA TEA

where n,(x) = ¢t (z)cy(z) is the particle number operator with spin o. This
Hamiltonian is rotationally invariant in the spin space, i. e. [H,S% = 0, where
S =73 ca S x) with

S* (@) =t @ey(e) S (@) = cf (@er(a),

1

§%(z) = 5 (ny(z) = ny(z)). (6.66)

The operators defined by Eq. (6.66) are the SU(2) group generators, and
their commutation rules are:

[ST,87] =28% [5%,5%] = £S5+, (6.67)

According to Mermin-Wagner theorem, a spontaneous magnetic order is ab-
sent in the Hubbard model. [97] This result has been obtained adding to this
Hamiltonian of SU(2) symmetry-breaking term, and applying the Bogoliubov
inequality. We notice that the SU(2) symmetry exhibited by the Hubbard mo-
del is a global one. To get a SU(2) local gauge symmetry for this model, we
may implement the lattice gauge theory previously introduced. In this way the
Hubbard Hamiltonian can be written as

H= Y tlx—y)¢*@)U(zy)dy) +U Y m(z)n(z)+

z,yeEA TEA
+Hgauges (6.68)

where U(z,y) is a lattice gauge field and Hgqyge is the free gauge field Hamil-
tonian.
Introducing the following field operators

Jre=3 JUa) =) () EM(@) +5%(@)),

zeEA zeN 1



6.2. LATTICE GAUGE THEORIES. 87

i. e. the transformation generators of the local SU(2) group, the Hamiltonian
Eq. (6.68) is invariant under the considered group, that is [J%(x), H] = 0. This
result can be easily verified using Eqs.(6.59)-(6.60), that for SU(2) group are

0.(1

?7
a

[7%(), Ul y)] = 5 U(,y),

a

[J%, Uz, 9)] = =[5 Ulz,9)], (6.69)

g

(%), Uz, y)] = ~U(z,y) 5, (6.70)

and
a

) = - T el =t (6

where ¢’ are the Pauli matrices.

The Spin-Orbit coupling can be introduced by the potenetials defined in
Eq.(6.29), therefore we introduce SOI in Eq. (6.65) by using the SU(2) lattice
gauge theory previously outlined. To this end, we define for our case the link
gauge fields as

Ul(:I,‘) = e_i2§cUaA1a(1) — eig(ﬂ01+oco2) _

= M1 +idy(cos po’ + isin go?)

_ A1 )\ge_i( -%)
o —/\Qei(¢_%) A1 ’

UQ(QE) _ e—iﬁUaAQH(m) _ e—ig(aal—i-BUz) _

= M1 — idy(sinpo’ +icos go?) =

o )\1 —)\26i¢
_ ( Ny , (6.72)
U3<:17) = ]l,
with g = 75
A1 = cos(gy/a? + 52), Ao =sin(gv/ a2 + (2),
and tan ¢ = %

We notice that the link gauge fields verify the following commutation rules:
(AL (@), A2(a')] = 2i(a? - B2)0,
[Uy (), Ua(x)] = 2i(A2)?(cos?® ¢ — sin® ¢)o®. (6.73)

It is worth stressing that when the coupling constants « and S are equal, the
symmetry group becomes an abelian U(1) group. Furthermore, within the de-
finition reported in Eq. (6.29), the gauge fields U;(x) are independent on the
choice of the lattice site. This means that, if the pair of lattice sites (x,y) in
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the hopping term of the Hamiltonian Eq. (6.68) are not nearest-neighbor si-
tes, then U(xz,y) depends on sites x and y only. But this is not the general
case and U(x,y) may depend on the link sequence connecting the z site to
the y site. Therefore, if ' = (z,21,...,x,—1,y) is a path on the lattice, then
Ur(z,y) = U (2)Uiy(21)...U;, (xn—1) where iy is the direction on the lattice
connecting z,_1 and zj of the path I'. We point out that it is possible to ob-
tain the general form of U(x,y) by imposing the time reversal symmetry of the

Hamiltonian in Eq. (6.68). The time reversal operator is given by

T = H efiﬁsy(z)K’
TEA

where K is the complex conjugation. By imposing 7T HT = H one obtains

_( 9=y jzy)
U(z,y) = ( i) gt (y) ) (6.74)

Here, the functions g(z,y) and j(z,y) are connected to the electronic jump from
x to y with spin conservation and spin flip, respectively. These functions depend
obviously on the electronic path followed in the jump.

Assuming the local SU(2) gauge symmetry on the lattice, the interaction is
contained in the path ordered of the gauge field on the lattice U(z,y), so that
the group SU(2) algebra can be used when we apply the Bogoliubov inequality
to get the upper bound on the order parameter.

It is important to observe that the spin-orbit coupling breaks explicitly the
SU(2) spin symmetry, and therefore we cannot say anything on the spontaneous
magnetization. Nevertheless, we will show that within our approach, if Rashba
and Dresselhaus coupling constants are equal, then the Hubbard Hamiltonian in
Eq. (6.68) exhibits a U(1) rotational symmetry in spin space and the SU(2) can
be restored by a gauge transformation in the spin space. This conclusion will
be used to prove that if hopping matrix ¢t(z —y) « O(ﬁ) then the magnetic
ordering is absent in d = 2, for any finite temperature, in agreement with
Mermin-Wagner theorem. In d = 1, it is always possible to restore the SU(2)
symmetry in spin space by a gauge transformation, and therefore the magnetic
order is equally absent. On the other hand, the n pairing superconductivity is
vanishing for any value assumed by « and (3, because the U(1) symmetry in
pseudospin space is not broken at all. To better clarify these points we consider
separately the study of the magnetic order in the d = 2 and the d = 1 cases,
and then the 7 pairing long-range.

Magnetic order in two dimensional lattice with @ = +8: Here, we
show that in the special case when Rashba and Dresselhaus SOI become equal
in intensity, the magnetic order is excluded in two-dimensional lattices. When
Rashba and Dresselhaus coupling constants are such that @ = +0, the link
gauge fields, Egs. (6.72), are:

A
U1<.'I,‘) = Ul = )\1]1 +Z72§(i0'1 +02),
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A2
Us(z) = Us = M1 —i-=(0' £ 07). 6.75
2( ) 2 1 \/i( ) ( )
They are commuting operators [Uy,Us] = 0, as it can be deduced looking at

Eq. (6.73). Thus, the symmetry group is the U(1) abelian group of rotations
around a given direction. This statement implies that the ordering of the link
gauge fields is not important and we can write the hopping term in the Hamil-
tonian in Eq. (6.65) as follows

> ta -yt (@)U, y)v(y) =

z,yeA
= Z tx —y) YT (2)Uy(2)Us(z + e1)*
z,yeEA
sk Up(z + ley)Us(z + ley)Us(x + ley + e2)..Ur(z + leg + meg)x

*(z + ler + mea), (6.76)

where y = x +le; +mes, 1 and es being the unit vectors on the Z; and Z, axis
of the two dimensional lattice, respectively and 1 and m are integers. Moreover,
we can also write

Ulz,y) = UP—mugems = el omied, (6.77)

with ¢/ = gv/a?2 + B2 and 14 = %(17 +1,0), where the sign + (-) holds if « = 3
(a = —p). Tt is easy to verify that if « = 8 then the Hamiltonian in Eq. (6.65)
is rotationally invariant around the 7y = %(17 1,0) axis, that is [7i- S, H] =0

where S is the total spin. This is also easily observable in the Hamiltonian

(6.30), whereas if & = —f the symmetry is around the 7_ = %(1, —1,0) axis.

After straightforward algebra, the gauge interaction can be written as
Ulz,y) = e_i9l9¢(x)ﬁi~56i9'9¢(y)ﬁi~57 (6.78)
where 04 (x) = /274 Z.
Defining a gauge transformation F as
F=1] ¢i9' 0% (2)ts-5()
TEA

we find that the Hubbard Hamiltonian with spin orbit coupling is globally SU(2)
invariant in the spin space:

Frpt (@)U (x, y)v(y)F = ot (2)d(y). (6.79)

If we consider the average value of the spin projection along %3 axis, we can
write
< 83(x) >=Tr(e P 83(2)) = Te(Fre PHREFTS3(2)F) =
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= Te(e P 5 (),

where p; = R;3(e3); and R is a rotation matrix of 6+ (x) around 74 axis. The Ha-
miltonian is now SU(2) invariant, and then by the global gauge transformation
O = e~i9'05 (@75 o get

< S (x) >=< S3(x) >/,

where < >’ is the average value of the S®(z) in the transformed Hamiltonian.
Since for the Hubbard model without spin orbit coupling the spontaneous
magnetization is absent,[97] introducing the magnetic order parameter as

mp QT < S3(x >—— < S3(Q) >,
) ZA A < 5@

we trivially deduce
lim lm mp(Q,|A]) =

h—0 |A]—o0

Magnetic order in one dimensional lattice: We consider the Hubbard
model on a chain of lattice sites with a constant lattice a assumed for simplicity
equal to 1. Therefore, the crystal lattice is A C Z, and the Hubbard Hamiltonian
is

[A] |A]—1 [A]
H=Y">"t( Y+ 5)+ U na(lny(1).
=1 j=1 =1

In one spatial dimension, we have one link direction, so that the lattice may
be seen as a sequence of links. Also, it can be considered as U(1) subgroup of
SU(2) where we have one gauge field associated with the link (1,14 1), that is,
the group is abelian and its elements are:

Ui(z) = e~ AN Z A1+ iXa(cos gt + sin pa?).
To introduce the spin-orbit coupling we perform the replacement
DY +5) = T OOV + 1) U1 (145 = Dl + ) =

=t (OU T+ 5wl + 7).

Since the gauge fields are independent on the site, we write
U(l, 1+ j) = 9777, (6.80)

with ¢’ = g\/a? 4+ 82 and 7 = (cos ¢, sin ¢, 0).
Summarizing, the Hubbard Hamiltonian is rotationally invariant around the
vector 7. Indeed if S = Ziill S(1) denotes the total spin operator, then we have
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[S-7t, H] = 0. Furthermore, Eq. (6.80) is very similar to Eq. (6.77), so that we
may define the unitary operator F' = Hiill ete'li-S(1) Therefore, we can write

Frpt U1+ 5)01+ 5)F = Oyl + j),

that is, the transformed Hamiltonian is the Hubbard model without the spin-
obit interaction. Therefore, using the argument previously outlined for the
two-dimensional lattice, we can conclude that the spontaneous magnetization is
absent for any « and g values, also in the 1D case.

1 pairing long-range order in one and two dimensional lattices: The
7 pairing long-range order is connected to the spontaneous symmetry breaking
of the U(1) invariance around the third axis in the pseudospin space of the
Hamiltonian. [99] The Hubbard Hamiltonian exhibits this symmetry and the
introduction of the spin orbit interaction does not modify this property. If we
define the pseudospin operators as

1" (z) = cr(@)ey(z) ' (@) = ¢ (2)ef (2),

(@) = () +ny(2) — 1),

then [®, H] = 0. Here,

%, d(@)] = —d(x) [, 97 (2)] = 9T (), (6.81)
it is easy to prove that

(%, 4™ (2)U (2, 9)(y)] = 0.
The absence of long-range 7 pairing in the Hubbard model without spin-orbit
coupling has been widely studied. [98] Here, following the same approach, we ex-
tend this result to the Hubbard Hamiltonian with SOI. To this end, we introduce
the symmetry breaking external field A in the Hamiltonian as follows

H— H-Xn"(Q)+17 (-Q)),

and we define the 7 pairing order parameter as
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To show that long-range n pairing is absent in this model we have to show that

lim A)\ =0.
A—0
So, in the Bogoliubov inequality
2 ! + +
‘<[A>B]>| < <[A’A ]Jr >< [B 7[BaH]] >, (682)
2kpT

we define the operators A and B as
Alg) =n"(¢+Q) Blg) =n’(~q).
Then, from the commutator
(B, 4+ (@)U (2, ) (y)] = (" — )y (@)U (2, )¢ (y),
we get the average value of the double commutator as

< [BY,[B,H]] >=

=2 )t —y)(1 - cos(g- (z —y)))
z,yeEA
« <Y (@)U(2,y)e(y) > —M< 0" (Q) > + <~ (-Q) >).
Now, if one defines the scalar product by (A, B)=< AT B >, then by Schwartz
inequality one gets
<YH(2)U(z,y)d(y) >< 2,

so that 02

| < [B*.[B,H] > | < |A\<% +AA(Q, A)). (6.83)

Since < [A4, B] >= [A|A(Q, A) and

D<A AT ><AP,

q

by using the Bogoliubov inequality Eq. (6.82) the proof is accomplished. Indeed,
we get
dq 1 2
AQ)? / < ,
AP | Gryi P 3AQ S phaT

Thus, by solving the integral we find out that, when A — 0, A(Q) — 0 for d=1,
2, at finite temperature. This implies that the Hubbard model with SOI does
not exhibit the n pairing long-range order.

In conclusion we presented an extension of the Mermin-Wagner theorem
for the Hubbard model in the presence of SOI, and showed that spontaneous
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magnetic order is ruled out in two dimensions, at finite temperature, if the
Rashba («) and the Dresselhaus (8) spin-orbit interactions are such that o =
+65. On the contrary, in one-dimension the magnetic order can be excluded,
regardless of the values assumed by the spin-orbit coupling constants. We notice
that, when @=0 in m(Q) the ferromagnetic order is forbidden, while choosing @
in such a way that exp(iQR;) = +1 when R; connects sites in the same sublattice
and different sublattices, respectively, we argue that also the antiferromagnetic
order is forbidden. We also proved the absence of long-range n pairing, at
finite temperatures, in one- and two-dimensions, independently on « and [
interaction parameters. As stated for the magnetic order, looking at the n-
pairing order parameter A(Q), we may infer that for @ = 0 the s-wave pairing
can be excluded, for Q = +m we exclude the n-pairing, and finally for @ #
{0, £7} we rule out the existence of generalized n-pairing order with momentum
Q.

For copleteness, we note that the Mermin-Wagner theorem follows from the
fact that in low-dimensional cases, a diverging number of infinitesimally low-
lying excitations is created at any finite temperature, and thus the assumption
of a non vanishing order parameter is not self-consistent. This consideration, as
well as the rigorous proof, does not apply at T=0, implying that the ground-
state may be ordered. For instance, two-dimensional ferro(anti)magnetism is
possible at zero temperature: quantum fluctuations oppose but do not prevent
the appearance of a two-dimensional magnetically ordered phase. In contrast,
for one-dimensional systems quantum fluctuations become so strong that they
usually prevent even ground state ordering. Indeed, it is known that the ground-
state of the one-dimensional Hubbard model is a non magnetic singlet at any
band filling and for any value of Coulomb interaction U. More generally, if the
energy spectrum has a gap, it can be shown that the model under investigation
does not exhibit long range order, and interestingly, this energy gap plays the
role of the temperature in conventional Bogoliubov inequality[46, 40, 47, 73].
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Capitolo 7

Conclusions.

We studied the phase transitions in some model of Strongly Correlated System
using the Bogoliubov’s inequality and the Infrared bounds method, in parti-
cular we considered the d-band Hubbard Hamiltonian as theoretical model of
the TMO materials. Therefore we defined the Nemetic order parameter as the
expectation value of the Quadrupole momentum and in the first step (chapter
four) we considered a degenerate multiorbital (d-bands) Hubbard model in the
presence of the spin-orbit interaction (SOI) and using the Bogoliubov’s inequa-
lity we excluded the existence of the nematic order in low dimensional cases at
finite temperature of the adopted Hamiltonian specifing, furthermore, the con-
ditions of validity of the our conclusions. We did also an extension to generic
k-rank tensorial order parameters and we showed as the Bogoliubov inequality
can be used in this cases.

For completeness, we note that the Mermin-Wagner theorem does not ap-
ply at T=0, implying that the ground-state may be ordered. Indeed, two-
dimensional ferro(anti)magnetism is possible at zero temperature since quantum
fluctuations oppose but do not prevent the appearance of a two-dimensional
magnetically ordered phase. On the other hand, for one-dimensional systems
quantum fluctuations become so strong that they usually prevent even ground
state ordering. For instance, the ground-state of the one-dimensional Hubbard
model is a non magnetic singlet at any band filling and for any value of Cou-
lomb interaction U. On a more general ground, it can be rigorously shown that
if the energy spectrum has a gap then the model under investigation does not
exhibit long range order, and interestingly, this energy gap plays the role of the
temperature in conventional Bogoliubov inequality[46, 40, 47, 73].

In the following step (chapter five), using the reflection positivity method,
we showed that this model at half-filling supports a staggered nematic order
if repulsive or attractive on-site inter-orbital and intra-orbital interactions and
off-site repulsive inter-orbital interaction are introduced. In more explicit term
we obtained that in two and three dimensions the order may exist at least in
the Ground state, and we get the condition for its existence. The conclusion
is that the the anisotropic off-site interorbital repulsion play an important role

95
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in the formation of the staggered orbital long range order. The Mermin and
Wagner arguments are not possible in this case because the rotational symmetry
is explicitely broken therefore we can not exclude the order at finite temperature.

The 2D systems have an important role in the modern Condensed Matter
Physics, in particular the 2D semiconductors systems with spin orbit interaction
are important in spintronic. Therefore we investigated a specific model, namely
the single-band Hubbard model, in presence of SOIs, and we rigorously showed
that the existence of long-range orders may be ruled out also when SOIs are
present and the Bogoliubov inequality method is applied. Since SOIs break the
spin symmetry of the model, we first introduced SOIs in the model by imposing
local SU(2) gauge symmetry on the lattice, then we re-wrote SOIs in such a
way that they are included in the path ordered of the gauge field on the lattice.
In this way, the SU(2) invariance is restored allowing the use of the Bogoliu-
bov inequality and the derivation of upper bounds for order parameters. In the
Pauli-Schroedinger Lagrangian density the spin orbit terms can be introduced
also as a SU(2) Gauge theory[84] where the Yang and Mills fields can be written
in terms of the electric and the magnetic fields, this description is useful in the
introduction of the covariantly conserved spin current. At this stage, it is worth
mentioning that local symmetries, such as the local gauge symmetry, cannot be
broken spontaneously, indeed, the Elitzur’s theorem [88] states that a local gau-
ge symmetry cannot be broken spontaneously, that is, the expectation value of
any gauge non-invariant local observable (order parameter) must vanish. This
result means that the spontaneous breaking of the gauge invariance can only
occur when the local symmetry is explicitly broken by gauge fixing. Hence, first
one chooses a gauge and in this gauge the remaining global gauge symmetry
is spontaneously broken, as it happens for instance in the Anderson-Higgs me-
chanism [89]. We also mention that for two-dimensional systems, if the residual
symmetry is continuous, after the gauge fixing, at finite temperatures the asso-
ciated order parameter must vanish according to the Mermin-Wagner theorem.
Nevertheless, when a discrete symmetry is considered then the ordered phase
can still exist. In the chapter six, after an introduction of these concepts and a
review of the Hamiltonian lattice gauge theory, we studied the non degenerate
Hubbard model with Rashba (a) and Dresselhauss () spin orbit interaction
obtaining that:

e In a two dimensional system if @« = 43 the magnetic order is absent
whereas the superconductivity (n-pairing) is absent always at finite tem-
perature.

e In a one dimensional system the magnetic order and the n-pairing super-
conductivity are absents always at finite temperature.
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Appendices

8.1 Appendix A: Operator inequalities.

An operator on the Hilbert space H, O : H — H is positive semidefinite if for
each |a > and |b > one has < a|O|b >> 0. One can introduce a partial ordering
indeed if A and B two operators then A > B if A — B is positive semidefinite.

If f: I — R a function and O an Hermitian operator on Hilbert space H
one defines a operator function f(O) as:

10) =3 F(Aa) P

where {\,} are the eigenvalues of O and P, the projection operators on relative
eigensubspaces.

For the function of operators one can defene the monotony and convexity
concept as for real functions, hence:

e Monotonicity: Let A and B be two hermitian operators, a function
f :(0,00) — R is said to be operator monotone if for all A > B then

f(A) = f(B)

e Convexity: function f : (0,00) — R is said to be operator convex if
ftA+ (1 —t)B) <tf(A)+ (1 —1t)f(B)
It is easy to prove the following lemma

Lemma: Let A be a positive defined and bounded selfadjoint operator, if p
an integer then:
(TrA)P > Tr(AP). (8.1)
Theorem: If A and B are two operators with B selfadjoint and ||B|| the
its norm then one has:

Tr(AB) < Tr(A)||BJ. (8.2)

97
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Proof: If B is selfadjoint then {|b >} are its eigenvectors, hence

B) =) <bABlb>=) " <blA]b> N,
b b

but for each |b > the eigenvalue A\, < ||B|| from which the Eq.(8.2)

Peierls inequality: Let O : H — H be a Hermitian operator on Hilbert space
H and f a convex function. if {|a >} a basis in H then:

> f(<alOla>) < Trf(0)

Proof:

Trf(O Z<a|{2f o)Pa}a >= Z<a|{2f )P} a >=
—Z{Zf | Pala > || }>Zf Z/\ |Pala>[1) = f(<alOla>)

where the inequality arises by Jensen inequality, indeed ) [|Pola > |2 =1
There is equality if each |« > is an eigenvector of O. If f(t) = et then

Ze<a|o|a> < Tr(e9). (8.3)

[e3%

Theorem: If A, B:H — H are two bounded selfadjoint operators, then:
Tr(eA+8) > Tr(ete?). (8.4)
Proof: Indeed by Trotter’s formula and by Eq.(8.1) one write:

Tr(eA*B) = lim Tr(eﬁe%)" > lim Tr((e%)"(e%)") = Tr(e?e?)

n— oo n—oo

Theorem: If A, B:H — H are two bounded selfadjoint operators, if they are
positive semidefinite then:

Tr(eA8) > Tret. (8.5)

Proof: taking
¢ od
Tr(eATB) — Tre? = jdt—Tr(eA'HB) = jTr(eA'HBB) >0
0 dt

this because eA*B B is a positive semidefinite operator.
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Klein inequality: Let A, B : H — H be two bounded selfadjoint operators
and f: (0,+00) = R then:

Tr[f(A) = f(B) = (A= B)f'(B)] 2 0. (8.6)

Proof: Let C = A— B so that for 0 <t <1, B+tC = (1 —t)B+tA. Defining
g(t) = Tr[f(B+tC)] then, by the Peierls inequality, it is easy to prove that g(t)
is a convex function, and so for all 0 < ¢ < 1 one has:

g(t) — 9(0)

(1) ~ 9(0) > 22

and in fact the right hand side is monotone decreasing in t. By taking the limit
t — 0 one proves the theorem.

Peierls Bogoliubov inequality 1: If O : H — H is an Hermitian operator
then the function f(0) = In(Tr(e?)) is convex.

Proof: Let A and B be two Hermitian operators and taking O(t) = tA+(1—t)B
and {|Ja >} its eigenvectors fot ¢ fixed then, using the Holder inequality with

p= % and q = 7=, one has:

TT(etA+(1_t)B) _ Z e<a|tA+(1—t)B\a> _ Z{et<a|A|a>e(1—t)<a|B\a>} <
a «

< (Z e<a|A|a>)t(Z €<a\B|a>)1—t.
« «

By using the Peierls inequality one completes the proof.

Peierls Bogoliubov inequality 2: Let A and B be two bounded operators
on the Hilbert space H then:

Tr(eA+B) Tr(Be?)
n( Tr(ed) 7= Tr(ed) -

(8.7)

Proof: Indeed f(t) = In Tr(eA**?) is a convex function then

but
1

d
af(t) = WTI(BGA-HB)

hence by taking ¢ = 1 the theorem is proved.
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8.2 Appendix B: Proprieties of the U(n) and SU(n)
Group

The My (n) is the set of the Unitary matrices, that is
My (n) ={U € Mpxn(C) [UTU =1}

where M,,x,(C) is the set of the square complex matices of n order. On this set
one can define a product between matrices. The pair (My(n), x) (with x we
indicate symbolically the product of matrices) is the Group U(n). If U € U(n)
then det(UTU) = 1 hence |det U| = 1. Therefore the Group of the matrices
belonging U(n) such that det(U) = 1 is the SU(n) Group. Let U € U(n) then
U = e with P an Hermitean matrix, therefore it has N = % —1=mn?
independents parameters, indeed one has (2n)? real parameters (this because
there are n? complex parameters) but there are the constraint pij = pj; and
the diagonal elements must be real. Hence one can defines the real o purely
imaginary matrices T, with a = 0,...,N = n? — 1 (we take Ty = I) that
they form a basis on the space of the Hermitean matrices of n order then:
P = 01 + 0,T;, hence if U € U(n) then U = e?1+0Ti = ¢0ci0Ti  whereas
U € SU(n) then U = €¥Ti_ If one defines the inner product between matrices
as (A|B) = Tr(AB) then the basis element {T;} can be chosen orthogonal, that
is

therefore any matrices Hermitean A is rewritten as
A= Otoj + Oéin (89)

with ap = 1Tr(A) and «; = 1 Tr(T; A)

Commutation rules for the generators: The commutator [T;,T;] is an
nxn matrix with elements real or imaginary, hence by Eq.(8.9) one has [T}, T;] =
aol + NijeTh, but ag = LTe([T;,Ty]) = 0, whereas A;j, = L Tr(T%[T;,Tj]). The
quantities A;j, are completely antisymmrtryc under permutation of any pair of
the indices and they can be chosen real, then A;jr — @ fiji, indeed if

1
figre = =i (T3, T3] Ti)
then the complex conjugate is

" 1 L 1 1
Fin =i~ > < allTi, T)]Tkla >*= i > < alTi[Ty, Ti]ja >= i > < allTy, Tj]Tela >= fiji

. Therefore the commutation rules of the generators T; are:

(T3, T3] = ifijiTw, (8.10)
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and the constant f;;, are called structure constant of the Group. By the same
procedure one can obtain that

(T3, Ty) 4 = 2851 + diji T (8.11)

where d;j, = 2Tr([T}, T;]4+Tk).
Fiertz Identity: By Eq.(8.9) one writes A = %Tr(A)f—i— LTr(T,A)T, hence:

1 1
A = E(SijéklAlk + E(Ta)ij (To) ki Atk
but being A;; = A6, one has:

(Ta)ij(Ta)kt = ndidjk — 6ij0m (8.12)

Adjoint Representation: Let the generators {7, }2"; of SU(n) Group, then
it is possible choice the matrices Ty, such that (T5);; = —if,s;. This follows by
Jacobi identity:

[[TaaTb]?TC] =+ [[TwTa]aTb] + [[Tb’TCLTa} =0

from which
fabj [Tja TC} + fcaj [Tj’ Tb] + fbc‘j [Tja Ta} =0
therefore
favifiek + feajfijok + focjfiae =0

then the commutation rules (8.10) correspondes to take (75)i; = —1faij

The Generators {T,} of the Group can be not all real matrices, indeed if the
T, arereal for a = 1, ..., N then doing the complex conjugate of the commutation
rules [Ty, Tp] = i fapeTe one has [Ty, Tp] = —ifapcTe, whereas they can be purely
imaginary (Es. the Adjoint representation). If it is necessary to have generators
with real representation then the following condition must be fulfilled: if fu5. # 0
then two generators must be real and one purely imaginary.

8.3 Appendix D: Foldy-Wouthuysen Transfor-
mation.

In order to obtain a non-relativistic approximation of the Dirac equation a
systematic approach exist. Indeed the Foldy Wouthuysen transformation allows
to decouple the small and large components of the Dirac wave function. Let
U(z) be the Dirac wave function and if it fulfils the Dirac equation:

.0
ZE\IJ—H\I/
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where H is the Dirac Hamiltonian, for the free case it is H = —id - vV + mp.
Then we consider the unitary transformation ¥ = e~ therefore the Dirac
equation became:

0 a0 0 ) )
iV = ie_“ga\lf’ + (aie_zs)\ll' = He ™50
from which one has: 9 9
ZE\I/' =e(H - z‘a)e*ié’qﬂ

with H' = €S (H —i-2)e~"¥ the transformed Hamiltonian. The operator S is an
opportune Hermitean operator and now we find it. Let us call odd the operators
which couple large and small components (like af, 4°,...), even those which do
not (as I , B,...). Now we want to study the non relativistic approximation at
the order ~ ( %)2 of a Dirac particle in an external electromagnetic field, then
the Hamiltonian is

— -,

H=—id-(V—eA)+mp + e, (8.13)

The actual dimensionless expansion parameters are the operators (h/ mc)ﬁ and
(h/mc?)(9/0t) then in roughly terms 1/m. Now we want to compute the
non-relativistic correction at the order ~ O(1/m?), hence as the first step we
compute the term

1 1
eiSi%e—iS _ eisjdxe—i(l—x)sge—ixs _ fdxe“”SSe_i‘”S. (8.14)
0 0

Then, at the wanted order, the transformed Hamiltonian is:

H' = H—$ 48 H| ~ J[5.[5. H]) — L[.[5.[5. H]]1+

oS 18,18, 18, H) + -~ S[5.81+ 1SS, 8]+ (815)

24
The Hamiltonian Eq.(8.13) has the form H = fm + £ + O where

O = —id - (V — eA) is the odd term, whereas £ = eAy is the even term. In the
expansion Eq.(8.15) we take S = —i%, this operator is of the order ~ O(1/m)

(of the order ~ O(v/c) ). Therefore we compute the following commutators:

B

[S,0] = —%02 S, 0% = —i £ O* (8.16)
[S,0%] =0 [S,0Y =0
S.8=10  [3,0/=280 [5,8]=-[0,0]
Then we have
[S, H] =i(O — Bor_ ﬁ[(9,5]) (8.17)

m 2m
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8 0 1

(9,19, H]) = —~O° + —5 + —[0,10,€]]
3 4
S, 15.15 H =iy~ 2~ Ljo 0, [0,6))
4
15,15, 19, 15, )} = 2

where we neglect all terms of the order ~ O(1/m*) (~ O((v/c)*) ), furthermore

15,8] = £,510,0]
15,15, 8]] = 5. 510,0,€]

Therefore by Eq.(8.15) the transformed Hamiltonian is:

H’:Bm+5748i13([(9, [0,[0,&]] + i]0, [0, O]])+
2 4 3 . .
+5(f—m+%[o,5]f 8(;3)7 3(;2 _ 8;2([0, [0,5]]“[(9,0])“%0. (8.19)

The equation (8.19) has the same form of the original Hamiltonian H' = Sm +
&’ + O’ but now the odd term is an infinitesimal of higher order. Indeed

g - O Lo.0.6)+ii0.0)(20)
N 2m  8m3’  8m2' 7 "= '
o B B p . :
! __ = M s _
ot 0.6+ -0 — 20 ((0,[0,[0,€]] +1(0,[0,])
In order to delete O’ is necessary another step and one defines S’ = 7%0’ ~

O(1/m?) and one compute the new Hamiltonian:

0

H' = eiS'(Hl _ ia)e—isl ~
~ H +ilS' H'] - %[s', IS, | — & (8.21)
then
[S', H'| =0 — ¢2ﬁ[0’75’] _ Lo (8.22)
m m
[S/[S/,Hl] — é012
m
§r = il o

2m
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where we neglected all terms of the order ~ O(-1;) then the Eq.(8.21) can be
rewritten as:

B B B

H'" =pm+E& + [0+ =—0%+i—0' =pm+E +0" (823
2m 2m 2m
It is necessary another step, hence one defines S” = —i%(’)’ "~ O(1/m?) where
B B B
O/l _ 7 Ol 5/ 70/2 70/
Qm[ 1 om” o
then, at this order one has:
o = eiS” (H// _ iﬁ)e—is” —H"+ 7;[5«//7]{//] 8" (8.24)

ot
then we compute
[S//, H”] —;0" = Lﬂ[on,g/] _ 150//2
2m m

but £B0" ~ O(:), 556(0",&'] ~ O(;) and S" ~ O(<), therefore,

m5/) 2m m3
neglecting all terms ~ O(1/m*) one has

1 .
H/// _ H// _ O// + 75[0//,6/] _ ﬁo/l — Bm _’_5/ + OII/ (825)
2m 2m
with 5 5
O/// -~ O// E' _ 7(/)// 8.26
2m[ €] 2m (8.26)
therefore we define S”’ = —%(’)’” obtaining
H(4) _ H/// + i[S///7H///], (827)

now computing the commutator we have that [S", H"'] ~ iO" + O(1/m?)

then H® = pm + &'+ O(1/m*). After these considerations one can write the
Eq.(8.24) as

H® —

o ot 1

= Bm+ 2m 8m3) +& 8m?

then the Dirac equation with the transformed Hamiltonian correspondes to two

independent equations for the big and small component of the Dirac spinor ¥

at the considered order. Now we must compute in explicit way the terms in

Eq(8.28). Being O = —id@ - (V — ied) and O = —ed - A we have:

([0,]0,&]] + i[O, O)]) (8.28)

i[0,0] = —e{a'a? AT + [}, 0T AV (D' —ieAY)} (8.29)
and, being [0, £] = —iea’d'A° one has:
[0,]0,€]] = —e{a'a? 0" A° + [a',a?]07 A°(0" — ieA")} = (8.30)
= —eV2A4g + 23 - (VAg x (V —ieA)),
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% (Si . Furthermore [0, —eV2A%] = ieV2a - VA therefore

summing the Eq.(8.29) with Eq.(8.30) one has

where ¥ =

[0,]0,E]] +i[0,0] = e{a' P ET + [0, o/ |E7 (0" — ieA?)} (8.31)

where we used the identity E' = —(8"A° + A’) with E the electric field. The
Dirac spinor is ¥ = < ;/é > hence if we consider only the upper component then
the Eq.(8.31) can be rewritten as

—

0B

[0,[0,&]] +i]0,0] = eV - E —ied - &~ 2ied (E x (V —ied)). (8.32)
On the other hand one has
0? 1 = - e —
— =——(V—ied)?+ —&-B .
5 2m(V ieA)” + 50 (8.33)
where B is the magnetic field. Furthermore
AN S B R PR (8.34)
8m3 2m "\ 2m om’ B '
1 . L .
——m((P—eA)‘L—i—eQ(&'-B)z+e(P—e )2(é - B) +

8¢_ 1 = o o 0 e , = e . = o o e , = o
eﬁE' e2 =5 1 . =4 _ oo, 3 L o= = -9
- > = (P—eA)*+e(P—eA)*(6-B)+e(d B)(P—ecA)*}

8m 8m2~  8m3

For time independent electric and magnetic fields with B uniform the equation,
in the Coulomb gauge, becames

oY 1 5 0 e - . - P* eV-E

— = —P A"+ —(L+25)B— — — ———+ H,, .
i3 {m+ 5 ted  + 2m( +25) o3 Tz T o (8.36)
where L = # x P is the angular momentum of the particle, S = g and Hy, the

spin orbit interaction defined as Hy, = fﬁé’ .E x P. In a central electrostatic

potential the spin orbit interaction has the following expression:

0
e 6AS-L

2m2r Or

Hso =
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Now we know that [P? — eA’, (& x E);] = —id*( x E); then with reference
to the Eq.(8.35) we rewrite the spin orbit term as follows:

) - < 5. (VxE)=

e . —
HSO = 7@0’ . (E X (P — GA)) — 8m2
e ., = — - e = ., =
c C [P — Al (3 x E);] =

€ (G x B)- (P —eA)+ (P —ed)- (G x E)), (8.37)

= T%2

therefore the kinetic and spin orbit terms in Eq.(8.35) can be rewritten as

255 (% E)?. (8.38)

In order to cancel the rest energy m in the Eq.(8.35) one performs the phase
transformation 1) — e~¥™%), then the complete Hamiltonian is

@ 2y G a1 o
— o (B4 (5 < E)) = o (P—cA)' +e

then the complete equation is:

oy 1 5 - e 0 = 0 e . =
iy ={g-(P—eAd— o0 xE)?+eA’+ —G- B+ Hasply,  (8.39)

where
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