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ABSTRACT

A Metropolis-Type Dynamics and the Monte Carlo Damage Spreading technique
are proposed to study Ising, mixed-spin Ising, and Blume-Capel models on the 2-
dimensional square lattice. For the mixed spin Ising model, our results strongly
suggest that this spin model may have a tricritical point at finite temperature; For
S=1 and 2 integer spin Blume-Capel models, our results suggest there exists one
multi-critical point along the order-disorder transition line. For S=3/2 and 5/2 half-
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does not exist.

The Self-Consistent High-Order Feynman Diagram Expansion Technique is intro-
duced and then employed to study two correlated electron models: the Hubbard
Model (HBM) and the Anderson Impurity Model (AIM) with maximum expansion
order n = 3. The basic idea of Monte Carlo Summation technique combined with
the Self-Consistent Feynman Diagram Expansion, the initial results, and proposed
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The damage spreading results for S = 1/2 and S = 1 Ising spin
models. Fig.3.1(a), the (D(t)) as a function of kgT/J for the S = 1/2
model. The vertical dotted line marks the exactly known value of
kgT./J = 2269 for the standard Ising model. Two temperature
regimes are observed. In Fig.3.1(b), two temperature regimes are also
observed for S=1 model. In both Fig.3.1(a) and Fig.3.1(b), at the
maximum op() point (the magnitude of opy) of other points are
smaller than this point) with L=40, IC1 and t=6000, we estimate
the transition temperature kgT,/J to be 2.30+0.05 and 1.70+0.045,
respectively, for these two models. Fig. 3.1(c), the ratio (R) versus
kgT/J for different sizes L for the S = 1 model. All curves cross
in the kpT,./J region; Fig.3.1(d), the ratio (Ps,—y) as a function of
kgT/J for the S=1 model after a long time limit. At the maximum
standard deviation point (the magnitude of standard deviations of
other points are smaller than this point), we estimate the transition
temperature to be 1.7040.05. In all figures, the standard errors (error
bars) are less than the size of symbols. . . . . .. ... ... ... ..
The average damage (D(t)) as a function of temperature for the mixed
I[sing ferrimagnetic model with G=0 on the square lattice. The sym-
bols for different times and the same lattice superimpose, indicating
the establishment of equilibrium. The standard errors (error bars) are

less than the size of symbols. . . . . . . . .. ...
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The damage susceptibility op) as a function of temperature for mixed
Ising ferrimagnetic model with G=0 on the square lattice at t=1000.
The dotted lines indicate the positions of kgT,(L)/J. The standard
errors (error bars) are less than the size of symbols.We estimate the
damage spreading temperature kg7, /J from opy to be 2.02.. . . . .
The ratio (R) versus temperature for different sizes L for the mixed
Ising ferrimagnetic model with G=0 on the square lattice. The full line
is a guide for the eye. The standard errors (error bars) are less than the
size of symbols. All curves cross in the region of kgT./J=2.00 £ 0.01.
Linear fit for dynamical critical exponent z at kgT./J=2.0 . . . . . .
The average damage (D(t)) as a function of temperature and G for
mixed Ising ferrimagnetic model with G #0 on the square lattice at
L=40, t=1000 and N;=200. The standard errors (error bars) are less
than the size of symbols. A completely different behavior of (D(t))
can be observed for G/J < 3.0 and for G/J >3.0. The vertical dotted
line marks the exactly known value of kgT,/J for the standard Ising
model on the square lattice. . . . . . ... .. ... ... ... ...
The damage susceptibility op) as a function of temperature and G//.J
for mixed Ising ferrimagnetic model with G #0 on the square lattice
at L=40, t=1000 and N,=200. The standard errors (error bars) are
less than the size of symbols. A completely different behavior can be
observed for G/J < 3.0 and for G/J >3.0. The full line is a guide to
the eye. The arrow points to the transition temperature of standard

Ising model on the square lattice. . . . . . . ... ... ... ... ..
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The ratio (Ps,—o) in S sub-lattice as a function of kgT'/J and G/.J
for the mixed Ising ferrimagnetic model on the square lattice at
L=40,t=1000 and Ny=200. The standard errors (error bars) are less
than the size of symbols. Two completely different regions can be
observed for G/J < 3.0 and for G/J >3.0. The upper arrow points
to the (Ps,—o)=1.0 which corresponds to the staggered quadrupolar
phase. The lower arrow points to the (Ps,—o)=0.0 which corresponds
to the standard Ising model. . . . . . . . ... ..o
The finite-temperature phase diagram for the mixed spin Ising model
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The total magnetization of the system (|M(t)|) as a function of tem-
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at L=40, t=1000 and N,=200. The standard errors (error bars) are
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ferent regions can be observed for G/J < 3.0 and for G/J >3.0. For
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The damage spreading results for S = 1 Blume-Capel model on the
square lattice at L=40, t=1000 and N,=200. In the figure, a com-
pletely different behavior can be observed for G/J < 2.0 and for
G/J > 2.0. The vertical dotted line marks the exactly known value of
kgT./J for the standard Ising model on the square lattice. Fig.3.11(a),
the average damage (D(t)) as a function of temperature and G/.J.
Fig.3.11(b), the damage susceptibility op() as a function of temper-
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CHAPTER 1

INTRODUCTION

It could be argued that current physics research can be divided into three areas -
theoretical, experiment, and computational. Numerical approaches, in which systems
are mimicked as accurately as possible using a computer or in which computer models
are set up to provide well-behaved experimental systems are increasingly providing
a bridge between theory and experiment.

A powerful numerical approach is the Metropolis Monte Carlo method. It was
introduced in 1953 at the dawn of computer age and its range of applicability and
accuracy have continued to increase with the development of more advanced tech-
nology. One of the simplest and most natural applications is to discrete magnetic
spin models. In the first part of this work, we will study the Ising model, mized spin
Ising model and Blume-Capel model on the two-dimensional square lattice by using
the Monte Carlo Damage Spreading (MCDS) technique. The reasons why I choose
mixed spin Ising model and Blume-Capel model to be studied are that there are two
opposite conclusions regarding the existence or not of the tricritical point. Here, we
first introduce the MCDS technique and a Metropolis-type Dynamics on the basis
of Metropolis Monte Carlo principle, then we use this technique to study the above
spin models. For the mixed spin Ising model, our results strongly suggest that this
spin model may have a tricritical point at finite temperature. We also employ the
damage spreading technique to study the general integer and half-integer spin-S

Blume-Capel model on the square lattice. For S=1 and 2 integer spins, our results



2

suggest that there exists one multi-critical point along the order-disorder transition
line. For §=3/2 and 5/2 half-integer spins, our results show that this multi-critical
behavior does not exist for this model.

The interacting fermion problem is of fundamental importance in a wide range
of research areas, including fields as diverse as electronic structure theory of solids,
strongly correlated electron physics, quantum chemistry, and the theory of nuclear
matter. The Self-Consistent High-Order Feynman Diagram Expansions Technique is
potentially a very efficient tool for the controlled approximate solution of interacting
fermion models. In the second part of this work, we will first introduce the Self-
Consistent Feynman Diagram Expansion (SCFDE) Technique, and then implement
a brute force summation technique to evaluate the expansion for two correlated
electron models, the 2D Hubbard model(2DHBM) and the Anderson Impurity Model
(AIM), with maximum expansion order n = 3. At last, we briefly present a Monte
Carlo Summation Technique for evaluating the Self-Consistent Feynman Diagram
Expansion and initial calculation results comparing the brute force and Monte Carlo
summation results. The implementation of this Monte Carlo diagram summation
method for higher, n > 3, order Feynman diagram poses major algorithmic and
computational challenges and is the direction of our future work on this topic.

The outline of this thesis is as follows: Chapter 2 reviews the theoretical back-
ground about the Monte Carlo method and Damage Spreading technique. Chapter
3 first introduces a Metropolis-Type dynamics, and then presents the MCDS results
for Ising, mixed spin Ising, and Blume-Capel models. The Self-Consistent Feynman
Diagram Expansion Technique is introduced in Chapter 4, and the calculation results
for Hubbard model and Anderson Impurity Model are presented in Chapter 5. In
Chapter 6, we briefly present the basic principle of the Monte Carlo Summation
Technique combined with the Self-Consistent Feynman Diagram Expansion, and

the initial results.



CHAPTER 2

THE MONTE CARLO (MC) METHOD

2.1 INTRODUCTION

The Monte Carlo(MC) method is defined by representing the solution of a problem as
a parameter of a hypothetical population, and using a random sequence of numbers
to construct a sample of the population, from which statistical estimates of the
parameter can be obtained.

The definition shows that the scope of applications is enormous and fascinating.
Many problems that at first glance do not seem to allow treatment with the MC
method, can be transformed into stochastic ones. Here we concentrate on the descrip-

tion of MC method to statistical mechanics problems [1]-[4].

2.2 SIMPLE SAMPLING VS. IMPORTANCE SAMPLING

2.2.1 SIMPLE SAMPLING

One of the simplest and most effective uses for MC method is the evaluation of
definite integrals which are intractable by analytical techniques. For simplicity, we

wish to calculate the one-dimensional integral

b
I:/ f(z)dx (2.1)
The simple sampling Monte Carlo method gives an estimate value of this integral

by choosing n points x; randomly from the interval [a,b] with a uniform distribution

3



b—a

=1

I

Here we actually approximate the average of the function f(x) to be

12

(o) = - > i) 2.3)

The error for this estimate is O(1/y/M), the convergence is very slow. Also,
simple sampling will only be approximate for functions that are relatively smooth.
Any sharp peak in the f value will probably be missed by the simple MC method.
Obviously, it would be more efficient to sample the function at points where the main

contribution comes from. This leads to the development of importance sampling

Monte Carlo method.

2.2.2 IMPORTANCE SAMPLING

The importance sampling Monte Carlo method involves the use of a weight function

p(x) > 0 such that

/abp(x) de =1 (2.4)

It follows that

I= /abf(x) dx :/a Mp(av) dx (2.5)

p(x)
We may choose the points x; according to the measure p(x)dz, instead of uni-

formly. The average of the function f(x) is then

I

(f(z))

1 & f()
M ; p(x;) 20

Computing the variance one obtains



0% = /ab [Mrp(x) dr — Vb H@) dxr (2.7)

p(x) p(x)

To make the variance as small as possible, we may choose

|f ()]
Ja |f (2)] da

At this point we have arrived at the idea of importance sampling.

I

p(x) (2.8)

For a real thermal system with phase space X governed by the Hamiltonian
H(X), the average value of an observable as a function of temperature T, (A(X))
is given by

1 00
(AX))s = / A(X)e PHX) gx (2.9)

where f=1/kgT. Z is the normalization factor for the canonical ensemble known as

the partition function

Z = / T et g (2.10)

Now, according to the above procedures, we have

and using the idea of importance sampling , we get
N Zﬁ\i A(X;)e PHEXD) /(X
(AX)), = ZldOe /o) 212
iz [e7PH D) [p(X;)]
Choosing
L —srxs)
p(X;) = —e : (2.13)
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i.e. the equilibrium distribution, the variance, which we want to reduce, is prac-
tically zero. At this point, the computation of the quantity (A(X)) then reduces to

simple arithmetic averaging

1 M
(AX))s = - 3 A(X) (214)
i=1
How can we generate a random sample of X; which are distributed according to

p(X) ?
2.3 THE METROPOLIS ALGORITHM

2.3.1 METROPOLIS ALGORITHM

Metropolis[5] etal. put forward the idea of using a Markov Chain such that starting
from an initial state Xg further states are generated which are ultimately distributed
according to p(X), i.e. p(X) tends to pey(X) as M — oo. In order that the Markov
process converges to pe,(X), the transition rate ( the probability of transition from
point X; to point X; in phase space ) W(X; — X;) must satisfy the detailed balance

condition

Peq(X)W(Xi = X)) = peg( X)W (X; — X;) (2.15)

Then from Eqgs.(2.13) and (2.15)

Pe(Xi) _ W(X; = Xi) _ _sam
Ped(X;) T W(X; —X;) (2.16)

where AH is the energy change (H(X;) - H(X;)). The choice of W(X; — X;) is

not unique. A convenient one is

e PAHif AH >0
1 it AH <0



So, The Metropolis algorithm is very simple to program
1) Specify an initial point X in phase space.
2) Generate a new state X .

)

)
3) Compute the energy change AH
4) Generate a uniform random number R €[0,1].
)

(
(
(
(
(5) If AH < 0, accept the new state and return to step (2).

(6) Otherwise, if AH > 0, then calculate e #2# if it is larger than R, accept the
new state and return to step (2); otherwise retain the old configuration as the new
one and return to step (2).

Note that the Metropolis algorithm does not specify how the changes to the
configuration should be made, it just says that any proposed change to the system
should be accepted with a certain probability that depends on the change in energy.

How the changes are made depends on the variables and the model being studied.
The only constraints on the update procedure are :

(1) It should be ergodic , i.e. every configuration can be reached from every other
configuration in a finite number of iterations.

(2) The transition probability W(X; — X;) satisfy the detailed balance condi-

tion.

2.3.2 METROPOLIS ALGORITHM FOR THE [SING MODEL

For the Ising model, governed by the Hamiltonian

H=-J> 5.5 (2.18)
<ij>
where the S takes the values £1. < ij > denotes that spin S5; has only S; as nearest

neighbors and vice versa. J is the exchange interaction. For this model, the obvious

change in the configuration is to try to update ( or ‘flip’ ) a spin, i.e. flip the sign (
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or direction ) of the spin variable. AH here depends only on the spin values at the
site and its nearest neighbors, i.e.

If AH <0, we make the proposed change.

If AH > 0, we make the change with probability e #2H.

The Ising model is a very important model in statistical physics. It displays the
phenomenon of a second order Phase Transition. Phase Transitions are classified in
part by their order:

e First order: discontinuity in order parameter or energy (i.e. the first derivative
of the partition function).

e Second order: divergence in the susceptibility or specific heat (i.e. the second
derivative of the partition function).

ete.

2.4 THE MONTE CARLO DAMAGE SPREADING TECHNIQUE

The Monte Carlo Damage Spreading (MCDS) technique, i.e. measuring the Ham-
ming distance between two different initial configurations as they evolve in time as
explained in the next chapter, was first studied in theoretical biology in the context
of genetic evolution[6]. Later the MCDS concept found its way into the simulations
of physical systems|[7]-[16]. In this method one essentially monitors the time evolu-
tion of two or more copies of the same system with different initial configurations
subject to a specific dynamics and to the same thermal noise (i.e. same random
number sequence). It turns out that this method is less sensitive to the static fluc-
tuations, when compared to the conventional Monte Carlo method where the time
evolution of a single copy is investigated. The MCDS method has been success-

fully applied to many magnetic models, like cellular automata, Ising ferromagnet,

P-state clock, Potts, ANNNI(Axial Next-Nearest Neighbor Ising), Ashkin-Teller,
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discrete N-vector, XY, the Heisenberg, and spin glasses. Besides its wide variety of
applications, the relationship between damage spreading and the time-dependent
thermodynamic properties in the Ising model[17], the possible connection of damage
transition (where the damage vanishes) and the percolation transition of geometrical
clusters of correlated spins [18]-[20] are also investigated.

Most of the above systems to which the damage spreading technique have been
applied are the systems with the second order phase transition. Also, the MCDS
technique has been used to study the critical properties of the BEG model on a
honeycomb lattice in the vicinity of tricritical line and showed how the MCDS tech-
nique may be applied to identify the tricritical point[21]. For the g-state Potts model
on square lattice the MCDS studies also showed that it is possible to calculate the
critical temperature of the model as well as to give some indication of the order of
the phase transition[22]. MCDS technique represents nowadays an important tool in
the study of the dynamic as well as the static behavior in magnetic systems.

In the next chapter, we will use the MCDS technique to study several magnetic

spin models.
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CHAPTER 3

THE MONTE CARLO DAMAGE SPREADING (MCDS) STUDIES OF SOME Two-

DIMENSIONAL MAGNETIC SPIN MODELS

3.1 THE MONTE CARLO DAMAGE SPREADING TECHNIQUE

3.1.1 A METROPOLIS-TYPE DYNAMICS

The numerical simulations are implemented on a square lattice with N spins and
linear size L(N = L? sites) submitted to periodic boundary conditions. A configu-

ration of lattice spins at Monte Carlo time ¢ is

ct)={S;()}y  i=1,23.N (3.1)

The spin variable, S;, assumes values -S,-S+1, ..., S-1, S where S is either a positive
integer or a non-negative integer plus a half. In order to make a configuration C'()
evolve in time, we use the following dynamics:

During each time interval §t = 1/, one spin site i is chosen randomly. The spin

value A;(t + 6t) at time ¢ + 6t is then chosen as

-3 0< Zu(t) <1/(2S+1)
—S+1 1/(2S+1) < Zu(t) <2/(25+1)

At +0t) =< e L (3.2)
S—1  (29-1)/(25+1) < Zu(t) <25/(25 +1)

S 25/(25 +1) < Zu(t) < 1

12
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where Z;;(t) is a uniform random number, 0 < Z;;(t) < 1.

One then updates the spin according to the following dynamics rule

Ai(t+0t) Pi(t) > Zi(t)
Si(t+dt) = { (3.3)

S;(t) otherwise

and S;(t + dt) = S;(t) for j # i, where

Py(t) = e &/T (3.4)

AH; = H{A(t + 6t)} — H{C(t)} (3.5)

where 0 < Z;5(t) < 1 is another uniform random number, 7" is the temperature of

the system in unit of J/Kpg, Kp is the Boltzmann constant.

3.1.2 DAMAGE SPREADING TECHNIQUE

Now, we consider two different initial configurations C4(0) = {SA(0)} and CB(0) =
{SB(0)} at time ¢ = 0, and let them evolve in time according to the same above
dynamics rule with the same sequence of random numbers for updating the spins.
Then two configurations C4(t) and CB(t) at time t are computed through the fol-
lowing Hamming Distance (or Damage) between them
1N

D) = ;[1 —8(S7(t), S ()] (3.6)
where 0(, ) is the Kronecker delta symbol. Physically D(t) measures the fractions of
the spins which differ in the two replicas at time ¢. In calculations, we average D(t)
over many samples. The average distance is

1 N

(D) =+ > Dyt (37)

s j=1
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where D;(t) is the damage distance for the jth independent trial, N, is the number
of independent sample, the sum is over all trials. Also here, we may average the
D;(t) over only those samples which have survived (i.e. such that C4(t)£C*(t)),
since one may regard those samples whose D(t) = 0 at low temperature as the 'bad’
ones and hence exclude them.

We also study the ‘Damage Susceptibility ’

op = /(D2()) — (D(1))? (3.8)
which measures the fluctuations of damage D(t). This quantity will provide a set of
information to characterize different phases of the system, and is very sensitive to
the phase transition.

We will investigate a quantity which we define it as the ratio of Ng,_. (number
of spins whose spin S; takes one specified value ¢ € (-5, -S+1, ..., S-1, S ) to N at
the equilibrium state. In order to decrease the fluctuations, we take an average over

those two replicas ( configuration A and B)

1

N,

S k=1

Né=c + N£=c

<Psi:0> = 2N

[ Ik (3.9)

(Ps,—.) depends on the temperature, time , initial conditions and the noise. () in
(3.9) denotes an average over many samples. This quantity can show us the detailed
spin configurations.

Those three quantities (D(t)), op) and (Ps,—.), together with temperature, ini-
tial condition and any other parameters, will lead to information about the criticality

of the system.
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3.1.3 FINITE SIZE SCALING

In the context of MCDS studies, in order to obtain a more reliable estimate for the
dynamical (second order) phase transition temperature, we use the finite-size scaling
procedure [1]. For each sample s, we calculate the distance Dg(t) at times t=1,2,3...
. The characteristic time 71 (a measure of time for two configurations to meet) and

characteristic square time 75 are defined as

(L, T,s) =Y _tDy(t)/ > D(t) (3.10)

t t

7o(L,T,s) =Y _t*Dy(t)/ > Dy(t) (3.11)

t t

At the transition temperature, one expects for 71 the following scaling form valid

for large L and T close to T:
(L, T,s) ~u(L)fi(v(L)(T —Tc), s) (3.12)

u(L) gives the size dependence at T = T, (for an ordinary second order phase

transition, u(L) and v(L) are power laws). One expects for 7, that

7o(L, T, 8) ~ u*(L) fo(v(L)(T — Tc), s) (3.13)

and since 7y is a measure of the squared characteristic time, one expects that the

ratio should be independent of lattice size L at the dynamical transition 7:
R(L,T,s) = (L, T,s)/m(L,T,s) ~ f3(v(L)(T —Tc), s) (3.14)

Average over many samples, one gets

(R(L,T,5)) = (r2(L, T, )/ (L, T, 5)) ~ g(v(L)(T — Tc)) (3.15)
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This means that for large L, all the curves (R) plotted as function of T for different

L should cross at the same temperature T, i.e. the dynamical critical temperature
when L — oc.

In the following simulations, we employ the widely used Power Residue Method

to generate a sequence of pseudo random number, which has both a long period and

good statistical properties (e.g. see [40]).

3.2 THE S=1/2 AND S=1 ISING SPIN MODELS

We first consider Eq.(2.18), the usual Ising spin model. J > 0 is the (ferromagnetic)
exchange interaction coefficient. For the standard S = 1/2 Ising model, S;=+1; For
S =1 Ising model, 5;=0,%1.

In the following calculations, we average the D;(t) over only those samples which
have survived. Three kinds of initial conditions are chosen:

IC1: C4(0) = {+1}, and CB(0)={—1} for all i. So from Eq.(3.6), (D(0))=1.

IC2: C4(0) is random, and CP(0)=—C*(0) for all i. So, (D(0))=1.

IC3: C4(0) and CB(0) are random and independent. So, (D(0))=1/2 (S =1/2
model) and (D(0))=2/3 (S = 1 model).

Fig. 3.1 is the calculation results for S=1/2 and 1 models. In Fig.3.1(a) and
(b), the results are averaged over 1000, 500 and 100 samples for L=10, 20 and 40,
respectively. Similar to other dynamics approaches, we can see that two temperature
regimes exist for both models where a sharp dynamical phase transition ( or damage
spreading transition ), with kgTp/J =2.4 and 1.8 the respective dynamical transi-
tion temperatures for S=1/2 and S=1 models can be observed in our dynamics. In
both figures, at the maximum op«) point (the magnitude of opy) of other points
are smaller than this point) with L=40, IC1 and t=6000, we estimate (run for sev-

eral different random number sequences ) the transition temperature kg7, /J to be
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2.30£0.05 and 1.70£0.045, respectively, for these two models. The standard errors
(error bars) are less than the size of symbols.

For the S=1/2 Ising model, Neumann and Derrida [1] applied finite-size scaling
with heat bath dynamics to this model and got the dynamical phase transition
temperature as kgTp/J = 2.25 + 0.05, which is consistent with the corresponding
exact static transition temperature kp7T,/J=2.269. Fig.3.1(c) is our finite size scaling
results for the S=1 model within our dynamics. The standard errors (error bars)
are less than the size of symbols. We calculate (R) averaged over 1500, 800 and
200 samples against T' for L=10, 20 and 40, respectively, using IC2 (other initial
conditions may also be used. The shapes will be a little different, but the estimates
for the transition temperature should be close to this one). Our estimate of 7. for
S=1 Ising model is kgT,./J = 1.675 4 0.025. This result is consistent with the static
case as 1.693 [2] or 1.693559 [3], etc.

Fig.3.1(d) is the simulation result of (Pg,—o) -1" relationship for the S=1 model
with IC1 averaged over 200 samples at t=6000. (Ps,—o) increases as the temperature
increases, and its S-like shape is very similar to the exact U - T relationship for the
standard Ising S = 1/2 model, U is the internal energy. Actually, (Ps,—o) can indeed
reflect the internal energy U. We can see that there exists an inflection point in
this relationship curve. At the maximum standard deviation point (the magnitude
of standard deviations of other points are smaller than this point), we estimate the
transition temperature to be 1.70+0.055. This point is just the inflection point of
the curve and also corresponds to the static phase transition point of the model.

The standard errors (error bars) are less than the size of symbols.
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3.3 THE MIXED SPIN ISING MODEL

3.3.1 THE MIXED SPIN ISING MODEL

The mixed spin Ising system is relevant for understanding bimetallic molecular fer-
rimagnets that are synthesized in search of stable, crystalline materials, with spon-
taneous magnetic moments at room temperature[38].

Here, we will use the MCDS technique to study a mixed spin Ising model [MSIM]
on the square lattice in which two inter-penetrating sub-lattices have spins one half
(£1/2) and spins one (+1,0). We consider a mixed spin Ising model on the square

lattice given by the Hamiltonian

H=-J> 05+G) S: (3.16)
<ij> j

where the S; takes the values £1 or 0 and are located in alternating sites with spins
o;=11/2. We choose to put the factor of 1/2 into the interaction parameter. Each
spin S has only o as nearest neighbors and vice versa. The first summation is carried
out only over nearest neighbor pairs of spins, the second summation only runs over
all sites of S sub-lattice. J is the exchange interaction, G is called the crystal field
interaction parameter.

Mixed spin systems provide good results for studying ferrimagnetism. The mag-
netic properties of the mixed Ising models have been studied by high-temperature
series expansions[22], renormalization group(RG)[23, 24, 25|, mean field[26], effec-
tive field[27, 28, 17], Monte Carlo simulations and numerical transfer matrix
calculations[30, 31] and the free-fermion approximation[33]. Besides at equilib-

rium conditions as stated as above, within mean field approach, the kinetics of

the model in the presence of a time-dependent oscillating external field, has been

studied[34].
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Among those works, there exist two opposite conclusions for the mixed spin
Ising model on the square lattice: one RG analysis[23], effective field theory with
correlations[29], and mean filed theory[26] indicate that there exists a compensation
point or tricritical point at finite temperature; another RG scheme[24], MC and
numerical transfer matrix techniques[30, 31] then got a contradictory conclusion.
Here, the MCDS technique is also applied to study the MSIM on the square lattice.
We found that the mixed spin Ising model may have a tricritical point at finite
temperature.

A configuration of lattice spins at time ¢ is

) = {os(t), S;()} 0,5 =1,2,3...N/2 (3.17)

In the following calculations presented here, we take J > 0 (ferromagnetic interac-

tion), the initial configuration is chosen to be

C4(0) = —CB(0) = {1} Vi, (3.18)

where we have assumed that there are no zero values in both S and S sub-lattices
at t=0, i.e. (D(t))=1 . Similarly, if we take J < O(anti-ferromagnetic), i.e. the mixed
Ising ferrimagnetic model, the initial condition could be chosen as: spins in the S
sub-lattice to be +1, spins in the ¢ sub-lattice to be -1 in configuration A, spins in

configuration B then keep opposite to A.

REsuLTs FOR MSIM wiTH G=0

We first study the ‘pure’ mixed spin Ising model with zero crystal field interaction.
For this model, high-temperature series expansion[35], RG[23, 25], the equiscale
transformation[36], etc. have shown this model belongs to the same universality

class as the standard o = 1/2 Ising ferromagnetic model.
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In our MCDS procedure, the simulations have been performed for four lattice size.
The results are averaged over 1500, 800, 400 and 180 samples for L=10,20, 30 and
40, respectively. Fig.3.2. shows the (D(t)) as a function of temperature and the time.
We know that equilibrium is reached at all temperature except in the critical region
where finite-size and finite-time effects can be seen. The shape of (D(t)) in Fig.3.2
is very similar to the standard Ising model studied by the DS technique within the
heat bath dynamics and the same initial condition ( Chap.2 [15] ). For the standard
Ising model, within the heat bath dynamics and the initial condition(3.17), it has
been proved that the damage distance (D(t)) is equivalent to the order parameter,
the average magnetization of the system at time ¢[1].

We clearly observe two distinct regions in Fig.3.2 (i) a low-temperature region
(T" < Tp,Tp = 2.0) where (D(t)) does not vanish for all cases; (ii) a high-
temperature region (T° > Tp), where (D(t)) vanishes for all system sizes and time
t. Two distinct temperature regions divided by a damage spreading transition tem-
perature kgTp/J are believed to denote the corresponding static continuous phase
transition. The damage spreading features in Fig.3.2 have been observed in most of
the Ising-like systems.

We observed in the calculations that the finite-time effect for t=1000 and ¢t=2000
is relatively small for our chosen initial condition, we will assume that systems have
reached their equilibrium states at t=1000 for the chosen initial condition (3.17).
We only present our calculation results at t=1000.

In view of the temperature dependence of the fluctuation opy, our simulation
shows that there is an almost null fluctuation in the low- and high-temperature
regions, except near the damage spreading transition temperature kg7p/J where it
rises abruptly. Fig.3.3 shows the op() as a function of temperature for four system

sizes.
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From the maximum values of op(;), we may locate the phase transition temper-
ature kpT,/J. We estimate ( run for several different random number sequences
) kgT,(L)/J to be 1.904+0.05, 1.9940.04, 2.024+0.05 and 2.02+0.03 for L=10, 20,
30 and 40, respectively. From those data, we get a more accurate estimate for the
damage spreading (dynamical phase transition) temperature than kgTp/J to be
kpT,/J = 2.02 for this model.

In order to obtain a more reliable estimate for this transition temperature, we
use the finite size scaling procedure. In Fig.3.4 we plot (R) averaged over 1500,
800, 400 and 180 samples against kgT'/J for L=10, 20, 30 and 40, respectively. Our
estimate of kgT,/J for this mixed Ising ferrimagnetic model with G=0 and the initial
condition (3.17) is kpT./J = 2.00 £ 0.01. This result is close to kgT,/J = 2.02 from
opw and also consistent with its static transition temperature at 1.9569 [33], or
2.016+0.078 [35].

We may use this method to estimate the dynamical critical exponent z defined
at the dynamical critical temperature kgT./J by 7 ~ L? where L is the linear size
and 7 is the relaxation time for the dynamics[1]. Near the critical temperature, the
fluctuations are very strong, and unlike the standard Ising model we have no exact
solution of kgT./J for this model. Therefore we expect rather large error bars in
the estimate of the critical exponent z. We may use 71 in Eq.(3.10) to measure the
average vanishing time at kgT,/J and repeat the simulations 40 times on different
sizes L=10, 20, 30 and 40. z is the slope of the curve of In({7)) versus In(L). In
Fig.3.5 we have estimated z with the initial condition (3.17) for this ‘pure’ MSIM

to be

2=265+026 (kgT,/J = 2.00) (3.19)
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REsuLTS FOR MSIM WITH G #0

We choose several values of G to study by DS procedure. In the following calculations,
we take the parameters to be L=40, t=1000 and N,=200. Fig.3.6 shows the results
of (D(t)) as a function of kgT'/J and G/J.

We may observe a completely different behavior of (D(t)) : for G/J < 3.0, the
behavior of (D(t)) are very similar to the previous G=0 case(the G=0 result is also
presented in the figure), there exist Ising-like continuous phase transition for the
model for those G values; for G/J > 3.0, contrary to the G/J < 3.0 cases, (D(t))
are zero for all temperature regions. For the low temperature (e.g. kgT/J=0.1), when
G changes from 3.0 to 3.01, the (D(¢)) ‘jumps’from 1 to 0. From Fig.3.6 we may
estimate the approximate( continuous ) dynamical transition temperature kgTp/.J
to be 2.55, 2.5,2.25, 2.2, 1.9 and 1.45 for G/J=-6.0, -3.0, -1.0, 0.0, 2.0 and 3.0,
respectively.

In Fig.3.7, we plot the op() curves. Similar things as in Fig.3.6 can be observed:
for G/J < 3.0, peak-like curves of op) can be seen and they are the features of
second order transition; for G/J >3.0, op)=0 for all temperature regions. We may
get more accurate ( continuous ) dynamical transition temperatures than kg7p/J to
be kpT,/J=2.3+£0.035, 2.254+0.04, 2.19+0.035, 2.024+0.03, 1.62+0.04 and 1.26+0.02
for G/J=-6.0, -3.0,-2.0, 0.0, 2.0 and 3.0, respectively. Similarly, we may use the same
finite size scaling procedure to get the improved dynamical transition temperature
results.

The interesting features of (Pg,—o) in S sub-lattice as a function of kgT'/J and
G/ J are plotted in Fig.3.8. We can also see there exist two different regions for G/.J
values: (i) G/J <3.0, the (Ps;,—o) curves are very similar to the G=0 S-like curve.
There exist continuous phase transitions within those G/J values. In the limit of

(G — —o0, this model is reduced to the standard Ising model. S and o can only take
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+1 or -1 values; (ii) G//J >3.01, contrary to the G/J <3.0 cases, (Ps,—o) decreases
as the temperature increases. In the limit of G — 400, this model reaches a new
phase which we may call it the staggered quadrupolar phase, similar to a phase in
the BEG model[37]. In this phase, S sub-lattice has S;=0 at every site and the o
sub-lattice has sites occupied randomly by o;=+1 or -1. This phase can be reached at
low temperature kg7'/J=0.1 and G/J=5.0 as shown in Fig.3.8 in our DS dynamics
approach.

We may explain the behavior of this model as follows. In this model, we only
consider the nearest-neighbor interaction between S and o spins. When G becomes
large, the probability for S sub-lattice spins to take the zero values increases, the
interaction of the total system becomes weak, and the second order phase transition
temperature also becomes small. However, when the interaction of the system is
too small, it can not support the long range order of the system, i.e. there is no
continuous phase transition. We may analyze this problem from another angle. We
regard the S;=0 state as a ‘hole’, then the S sub-lattice are occupied by ¢ = 1 and
the holes. Parameter GG can change the relative number of ¢ spins and the holes in the
S sub-lattice ( it has the meaning of chemical potential ). When G — —oo, there is
no hole in the S sub-lattice, both sub-lattices are occupied by o spins, corresponding
to the standard Ising model. When G increases, the number of holes increases. When
G — 400, the S sub-lattice are all occupied by S;=0 spin states. In the equilibrium
state, for G changing between —oo and 400, the holes can move and have a tendency
to gather to form clusters in order to make the system stable. When G increases
to a critical value, the o spins can no longer form infinite clusters, then there is
no long range order and no continuous phase transition. However, the finite ¢ spin
clusters and the formation of the equivalent ‘hole clusters’ can support a first order
phase transition for the system. Here, the so-called ‘hole cluster’ means: the spins

of the S sub-lattice within a hole cluster are all occupied by hole (S;=0), although
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the o spins occupy the o sub-lattice within a hole cluster, they have no interactions
among them, it is equivalent to the cluster which is completely composed of holes.
The configuration of spins can verify this point.

According to our DS results, we may schematically plot the finite-temperature
phase diagram for this model, and use kg7, /J obtained from the op) — T relation-
ship in Fig.3.9 as the (second order) phase transition temperature. In Fig.3.9, the
general shape of the phase diagram shows reasonable agreement between our results
and the Monte Carlo simulations[30], except for the range of G/J > 3.01 where the
first order transition could occur in our DS approach. ;From our data, we estimate
the tricritical point ( white square in Fig.3.9 ) to be (kgTyi/J , Giri/J)=(1.26£0.02,
3.00). The estimated static values for the tricritical point for this mixed spin Ising
model on the square lattice are (1.232, 4.198)[23] and ( 0.9936, 3.9376)[32], etc.

We have also performed the same calculations for the J < 0 mixed Ising fer-
rimagnetic model ( using the initial condition stated below Eq.(3.17) ), and very
similar features have been obtained. Therefore, we expect there exist both second
and first order phase transition for this mixed spin Ising model on the square lattice
depending on the G values.

We should point out that, unlike the conventional criteria for a first order transi-
tion, the damage spreading results here seem not to give us explicit evidence for the
first order transition, such as an obvious discontinuity for the order parameter. In
Fig.3.10, we calculate one thermodynamic order parameter, the total magnetization
of the system using the same initial condition of Eq.(3.17) (we take an average over
A and B configurations). Its behavior is quite similar to the (D(t)) — T relation-
ship. We do not observe the obvious discontinuity or ‘jump’ for (|M(¢)|), (D(t)) or
(Ps;—o) at the tricritical point G/J =3.0 where we regard it as the meeting point of

the second order and the first order transition lines , even if we may claim that at
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G/J = 3.0 those three quantities have had the largest ‘jump’ in the critical region
when compared to other G/J < 3.0 cases as seen in Figs.6, 8 and 10.

Here, we conclude the existence of a tricritical point for the mixed spin Ising
model due to its very similar behavior to the S=1 Blume-Capel model, where its
tricritical behavior is well-known ( see next section ). The S=1 Blume-Capel model
on the square lattice where only one spin variable .S; takes 0, or £1 for each lattice
site has the same form of the Hamiltonian as in Eq.(3.15). For the S=1 Blume-Capel
model, we got quite the same shapes and features for those quantities, (D(t)), op)
and (Ps,—o) as the mixed spin Ising model, except at the tricritical point (i.e. above
meeting point), an obvious discontinuity or ‘jump’ of (D(t)) and (Pgs,—o) can be
observed for the S=1 Blume-Capel model. Also, the estimated dynamical tricrit-
ical point for this Blume-Capel model by DS technique is in excellent agreement
with other approaches. Unlike the S=1 Blume-Capel model, we can not observe an
obvious discontinuity at the tricritical point in the mixed spin Ising model because
there is only one S=1 sub-lattice for this model. Because of the small discontinuity
in the mixed spin Ising model, we may also name this first order transition the
‘weak’ first order transition. A similar case may refer to the g-state Potts model
(e.g. ¢=5,6, etc.)[39]. We also expect the results could be improved when system
size L is increased. This simple but fruitful model, the behavior of which is not yet

well established, would be worthy of further studies.

3.4 THE BLUME-CAPEL MODEL

3.4.1 THE BLUME-CAPEL MODEL

The S = 1 Blume-Capel model was originally proposed to study the first-order phase
transition in magnetic systems[4, 5] and has also been used in describing He® — He*

mixtures[6]. The Hamiltonian can be written as
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H=-J> 85 +GY. S5} (3.20)

<ij> i
The first summation is carried out only over nearest neighbor pairs of spins, the
second summation runs over all sites of a square lattice. J > 0 is the ferromagnetic
exchange interaction between nearest neighbor spins, G is the single spin anisotropy
parameter. The S=1 case has been extensively studied by a variety of methods
such as mean field[4, 5], variational methods|7], constant coupling approximation[8],
Monte Carlo simulations[9, 10|, transfer matrix[11], renormalization- group[12, 13],
finite-size scaling based on transfer matrix[14], etc. It is well established that for
dimension d > 2, the S=1 Blume-Capel model exhibits a line of continuous phase
transition (Ising type), a line of first-order phase transitions and a tricritical point
where those two lines meet.

For values of spin S > 1, however, the situation is quite unclear and fewer results
are available. For the S=3/2 case, the mean-field calculation[15], correlated effective-
field treatment[16], differential operator technique[17], finite-size scaling based on
transfer matrix[14] and conventional equilibrium Monte-Carlo simulations[18, 19]
indicate a second-order phase transition with no tricritical point and a separated
first-order transition line which terminates in an isolated multi-critical point. In
contradiction with these results, a renormalization group calculation[13] presents a
unique first-order transition line at low temperature which terminates in the second-
order transition line at a tetra-critical point. Similar results are also obtained by
finite size renormalization group calculations[20] and other conventional equilibrium
Monte Carlo simulations[21].

In the following section, the MCDS technique is also applied to study the Blume-
Capel model on the square lattice. Our results show that for the integer S=1 and

2 Blume-Capel model, there exist a multi-critical point at low temperature which is
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not present for the half-integer S=3/2 and 5/2 spin models. For the controversies
surrounding the S=3/2 Blume-Capel model, the MCDS method allows us for the
first time to distinguish definitely between the two conflicting scenarios discussed in

the literature.

3.4.2 MCDS RESULTS FOR THE BLUME-CAPEL MODEL

In the following calculations presented here, the initial configuration is chosen to be

C40)=—-CB(0)#£0 Vi (3.21)

i.e we choose (D(t)) = 1. For example, for the S=2 case, we may choose C*(0) =
—CPB(0) = {2}, or , C4(0) = —CB(0) = {1}; Those two choices will not alter the
features of the calculation results. The calculations could have been done starting
with other initial conditions, e.g. two random initial configurations, but in this case,
the equilibrium of the system needs longer to be established at low temperature,
however the results would be also very similar[41].

We choose several values of G to study by our DS procedure. The simulations
have been performed for system size L=40, t=1000 and the results are averaged over
N,=200 samples. We observed that the finite-time effect for ¢ = 1000 and ¢t = 2000
is relatively small for our chosen initial condition. In the following calculations, we
will assume the systems have reached their equilibrium states at ¢ = 1000 for the

chosen initial condition of Eq.(3.19).

RESULTS FOR THE BLUME-CAPEL MODEL WITH S=1 AND 2

We first study the Blume-Capel model with spin S=1 and initial condition C*(0) =
—CP(0) = {1}. The results are plotted in Fig.3.11. We explain Fig.3.11 as fol-
lows. Fig.3.11(a) shows the results of (D(¢)) as a function of kgT'/J and G/J. We
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may observe a completely different behavior of (D(t)) : for G/J < 2.0, there exist
Ising-like continuous phase transitions for the model. We clearly observe two dis-
tinct regions, a low-temperature region (7' < T ) where (D(t)) does not vanish
and a high-temperature region(7T" > Tp) for which (D(t)) vanishes; for G/J > 2.0,
contrary to the G/J < 2.0 cases, (D(t)) is zero for all temperature regions. For
G/J < 2.0 in Fig.3.11(a), two distinct temperature regions divided by a damage
spreading transition temperature kgTp/J are believed to denote the corresponding
static continuous phase transition that has been observed in most of the Ising-like
systems. From Fig.3.11(a) we may estimate the approximate (continuous) dynam-
ical transition temperature kgTp/J to be 2.35, 2.3, 2.2, 2.1, 1.85, 1.55 and 0.6 for
G/J=-4.0, -3.0, -2.0, -1.0, 0.0, 1.0 and 2.0, respectively. In Fig.3.11(b), we plot the
temperature dependence of the fluctuationop) for our chosen G values. We have
observed that: for G/J < 2.0, the simulations show that there is almost null fluctu-
ation in the low- and high-temperature regions, except near the damage spreading
transition temperature Tp where it rises abruptly; for G/J > 2.0, op=0 for all
temperature regions. The peak-like curves of op in the G/J < 2.0 regions are
features of a second order transition, and from the maximum values of op(;) we may
get the more accurate (continuous) dynamical transition temperatures than kgTp/J.
We estimate (run for several different random number sequences) that kg7, /J to
be kgT,/J=2.254+0.10, 2.204+0.12, 2.10+0.10, 1.95+0.08, 1.754+0.05, 1.454+0.01 and
0.56£0.03 for G/J=-4.0, -3.0, -2.0, -1.0, 0.0, 1.0 and 2.0, respectively. In Fig.3.11(c),
the interesting features of (Ps,—¢) as a function of kgT'/J and G/J are plotted. We
also regard (Ps,—¢) as an important factor to explain the multi-critical behavior for
this model. We can also see there exist two different regions for those G values: for
G/J <2.0, (Ps,—o) increases as the temperature increases. In the limit of G — —o0,
this model is reduced to the standard Ising model, and S can only take +1 or -1

values. For G/J >2.01, contrary to G/J <2.0 cases, (Ps,—o) decreases as the tem-
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perature increases. In the limit of G — +o00, this model reaches a phase in which
S;=0 at every site.

Similar to the mixed spin Ising model, the behavior of this S = 1 Blume-Capel
model could also be explained as follows. In this model, we only consider the nearest-
neighbor interaction between S; spins. We regard the S; = 0 state as a ‘hole’, then
the lattice sites are occupied by either S; = +1 spins and the holes. The parameter G
can change the relative number of S; = +1 spins and the holes in the system ( it has
the meaning of chemical potential ). When G — —oo, there is no hole in the system
, corresponding to the standard Ising model. When G increases, the number of holes
increases, the interaction of the total system becomes smaller, the second order phase
transition temperature also becomes smaller. When G increases to a critical value,
the S; = 41 spins can no longer form infinite clusters, the interaction of the system
becomes weak and can no longer support long range order of the system. Then
there are no continuous phase transition, however, the clusters composed of S; = +1
spins and the holes can support a first order phase transition for the system. From
the angle of our Metropolis-type dynamics, because of the smaller interaction ( i.e.
AH; in Eq(3.5) approaches zero) when G is larger than this critical G value, the
probability ( i.e. P; in Eq(3.4) ) to accept the new proposed spin value increases
quickly, and then causes (D(t)) to go to zero quickly. The above critical G value is
therefore the multi-critical point, i.e. the meeting point of the second order and the
first order transition lines. For the S = 1 Blume-Capel model, this meeting point is
Gys=2.0 in our DS simulations, and at this point an obvious discontinuity or ‘jump’
of (D(t)) and (Ps,—) can be observed in Fig.3.11(a) and Fig.3.11(c). At last, when
G — 400, the sites are all occupied by S;=0 spin state.

According to our DS results, we may schematically plot the finite-temperature
phase diagram for this model as in Fig.3.11(d). We use T, obtained from opy — T

relationship in Fig.3.11(b) as the (second order) phase transition temperature. In
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Fig.3.11(d), the general shape of the phase diagram shows very good agreement
between our calculations and other familiar results. From our results, we estimate
the tricritical point ( white square in Fig.3.11(d)) for the S = 1 Blume-Capel model
to be (kpTiyi/J,Giri/J)= (0.564+0.03, 2.00). The estimated static values for the tri-
critical point for this model are (0.609, 1.965)[14], ( 0.608, 1.967)[10], ( 0.610+0.005,
1.96640.001)[11], (1.088,1.8848)[17], and ( 1.333, 1.848)[15], etc.

Fig.3.12 shows the results for the integer S = 2 Blume-Capel model with
the initial condition C4(0) = —CP(0) = {1}. Very similar features to S = 1
case are obtained by our DS simulations. From the maximum values of op() in
Fig.3.12(b) we may get the (continuous) dynamical transition temperatures to be
kpT,/J=7.60+0.25, 7.454+0.20, 7.10+0.15, 6.40+0.20, 5.50+0.25, 4.20+0.20 and
1.004+0.15 for G/J=-4.0, -3.0, -2.0, -1.0, 0.0, 1.0 and 2.0, respectively. Then we
get the phase diagram for the S=2 Blume-Capel model in Fig.3.12(d) with the
tricritical point ( white square in Fig.3.12(d)) for S = 2 Blume-Capel model to be
(kgTyi/J , Gii/J)=( 1.00£0.15, 2.00). The general shape of this phase diagram is
also in agreement with other results such as mean field theory[15] and effective-field

theory[17] that predict ( 1.645, 1.994)[17], and ( 1.333, 1.848)[15], etc.

RESULTS FOR THE BLUME-CAPEL MODEL WITH S=3/2 AND 5/2

For the half-integer spin Blume-Capel model, we choose to put the factor of 1/4 (
product of two 1/2 of the \S; spin values ) into the J and G parameters in Eq.(3.19).
For example, for the S = 3/2 model, the parameters in Eq.(3.19) become J/4 and
G /4, and the spin S; can take one of the values among ( -3, -1, 1, 3 ). One advantage
of this procedure is that it is easy for us to calculate D(t) in Eq.(3.6), since the
spin S; still takes integer values now. We first apply our MCDS procedure to the
controversial case of S=3/2 Blume-Capel model concerning the existence or not of

a multi-critical point along the transition line.
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The results are plotted in Fig.3.13 with the initial condition C4(0) = —CB(0) =
{3}. For this model we have observed a different behavior from previous integer
models. Fig.3.13(a) shows the results of (D(t)) as a function of kgT/J and G/J.
There exist only Ising-like continuous phase transitions for the model. When
G — 400, the model goes to the standard Ising model with the critical tempera-
ture 4kpT,./J=2.269 ( the dotted line in the figure ), which is consistent with the
temperature 4t,=4kpT,/J=4x1/[2In(v/2 + 1)] = 2/In(v/2 + 1)=2.269 as shown in
Ref.[14]. In Fig.3.13(b), we plot the temperature dependence of the fluctuationop
for our chosen G values ( the dotted line has the same meaning as in Fig.3.13(a) ),
and we estimate the continuous transition temperature to be 4kgT./J=19.00+0.40,
18.2040.36, 17.12+0.34, 15.40+0.50, 13.6040.30, 10.7040.30, 3.3040.45, 3.1040.20,
2.40+0.10, and 2.4040.10 for G/J=-4.0, -3.0, -2.0, -1.0, 0.0, 1.0, 2.0, 2.01, 3 and
4, respectively. Our results indicate the absence of a multi-critical point along the
phase transition line.

In order to detect the existence or not of an isolated first-order phase transition
line as shown in Refs.[15, 14, 19] for this model, we plot (Pg,=3/2) and (Pg,=1/2)
at G/J=2.0 and 2.01 in Fig.3.13(c). In the literature[14, 19], the range of this iso-
lated first-order transition line is presented between (4kpT/J, G/J)= (3.2, 1.96)
and (1.6, 2.0), we plot two dashed lines in Fig.3.13(c) to cover this temperature
range. In Fig.3.13(c), we can observe an obvious exchange of the spin values, indi-
cating the first-order transition of two different ordered ferromagnetic phases, one is
magnetization m; — 3/2 and the other is my —1/2. Fig.3.13(d) is the plot of the
phase diagram for this model. We still use T;, obtained from op) — T relationship in
Fig.3.13(b) as the (second order) phase transition temperature. In Fig.3.13(d), the
general shape of the phase diagram shows very good agreement between our calcu-

lations and other known results[15, 14, 19]. In this model, because of the absence of
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zero value for the spins, the long range order will not vanish, therefore we can only
observe the second-order transition along the transition line when G is changed.

Fig.3.14 shows the results for the half-integer S = 5/2 Blume-Capel model with
the initial condition C4(0) = —C?(0) = {3}. Very similar features to the S = 3/2
case are obtained by our DS simulations. Because the transition temperatures is
very high for negative G for this model, we only present the results for several
positive G values. ;From the maximum values of op( in Fig.3.14(b) we estimate
continuous dynamical transition temperatures to be 4kgT,/J=4.50+0.20, 4.00+0.22,
3.60+0.23, 2.4040.15, 2.40£0.15 and 2.40+0.10 for G/J=2.01, 2.05, 2.10, 2.5, 3
and 4, respectively. In Fig.3.14(c), we plot (Pg,=5/2), (Ps,=3/2) and (Pg,=1/2) as
a function of temperature at G/J=1.98 and 2.01. We can also observe an obvious
exchange of the spin values, indicating the first-order transition of three different
ordered ferromagnetic phases: magnetization m; — 5/2 , my — 3/2 and ms —1/2.
Therefore we have confirmed the mean field theory results about the existence of
two isolated first-order transition lines for this model[15]. At last, we plot the phase
diagram for S=5/2 Blume-Capel model in Fig.3.14(d), where the model also goes
to the standard Ising model with 4kpT./J=2.269 when G — +o0.

In this work, we investigate, by means of the MCDS technique, the dynamical
behavior of integer S=1, 2 and half-integer S=3/2, 5/2 Blume-Capel models on a
square lattice within Metropolis-type dynamics. We find that the behavior of the
systems are qualitatively different for the integer- and the half-integer- spin versions
of this model. For the S=1 and S=2 Blume-Capel models, there exists a multi-
critical point along the transition line which strongly depends on the values of the
G parameter; For the S=3/2 and S=5/2 cases, our results indicate the absence of a
multi-critical point along the transition line when G is changed. In the context of the
controversies surrounding the S=3/2 Blume-Capel model, our MCDS results allow

us for the first time to distinguish definitely between two proposed contradictory
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scenarios. In addition, the MCDS simulations present evidence of isolated first-order
transition line(s) for the half-integer Blume-Capel model. A physical explanation to
this quite distinct critical behavior is given.

More detailed description of the calculations for above models can be found in

[41)- [43].

3.5 REFERENCES

[1] A.U. Neumann, B. Derrida, J. Phys. France 49 1647(1988).
[2] P.F. Fox, A.J. Guttmann, J. Phys. C6 913(1973).
[3] I.G. Enting, A.J. Guttmann, I. Jensen, J. Phys. A 27 6987(1994).
[4] M.Blume, Phys.Rev. 141, 517(1966).
[5] H.W.Capel, Physica 32, 966(1966).
[6] M.Blume, V.J.Emery, R.B. Griffiths, Phys. Rev. A 4, 1071(1971).
[7] W.Man Ng, J.H.Barry, Phys. Rev. B 17, 3675(1978).
[8] M.Tanaka, K.Takahashi, Phys. Status Solidi B 93, K85(1979).
9] A.K.Jain, D.P. Landau, Phys. Rev. B 22, 445(1980).
[10] N.B. Wilding, P. Nielaba, Phys. Rev. E 53, 926(1996).
[11] P.D. Beale, Phys. Rev. B 33, 1717(1986).

[12] A.N. Berker, M.Wortis, Phys. Rev. B 14, 4946(1976); O.F. de Alcantara Bonfim,
Physica A 130, 367(1985).

[13] S.M. de Oliveira, P.M.C. de Oliveira, F.C. de S4 Barreto, J. Stat. Phys. 78,
1619(1995).



34

[14] J.C. Xavier, F.C. Alcaraz, D. Pena, J.A. Plascak, Phys. Rev. B 57, 11575(1998).
[15] J.A. Plascak, J.G. Moreira, F.C. S& Barreto, Phys. Lett. A 173, 360(1993).
[16] G.Le Gal, T. Kaneyoshi, A. Khater, Physica A 195, 174(1993).

[17] T. Kaneyoshi, J.W. Tucker, M. Jas¢ur, Physica A 186, 495(1992).

[18] D. Pena Lara, J.A. Plascak, Int. J. Mod. Phys. B 12 2045(1998).

[19] J.A. Plascak, D.P. Landau, 85, 100(1999), Computer Simulations in Con-
densed Matter Physics XII, Eds. D.P. Landau, S.P. Lewis and H.B. Schiittler (

Berlin:Springer ).
[20] A. Bakchich, A. Bassir, A. Benyoussef, Physica A 195, 188(1993).
[21] F.C. S& Barreto, O.F. Alcantara Bonfim, Physica A 172, 378(1991).

[22] G.J.A. Hunter, R.C.L. Jenkins, C.J. Tinsley, J. Phys. A 234547(1990); R.G.
Bowers, B.Y. Yousif, Phys. Lett. A 96 49(1983).

(23] Kun-Fa Tang, Jia-Zhen Hu, Acta Physica Sinica, 35 1048(1986).
[24] S.G.A. Quadros, S.R. Salinas, Physica A 206 479(1994).

[25] S.L. Schofield, R.G. Bowers, J. Phys. A 13 3697(1980).

[26] T. Kaneyoshi, J.C. Chen, J. Magn. Magn. Mater. 98 201(1991).
[27] A.F. Siqueira, I.P. Fittipaldi, J. Magn. Magn. Mater. 54 678(1986).
28] T. Kaneyoshi, Solid State Commun. 70 975(1989).

[29] T. Kaneyoshi, J. Phys. Soc. Jpn 56 2675(1989).

[30] G.M. Buendia, M.A. Novotny, J.Phys.: Condens. Matter. 9 5951(1997).



[31]

[32]
[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]
[42]

[43]

35
G.M. Buendia, M.A. Novotny, J. Zhang , 223(1994), Computer Simulations in
Condensed Matter Physics VII eds. D.P. Landau, K.K. Mon and H.B. Schiittler

(Berlin:Springer).

T.Kaneyoshi, J. Phys. Soc. Jpn 56 2675(1989).

Kun-Fa Tang, J. Phys. A 21 L1097(1988).

G.M. Buendia, E. Machado, Phys. Rev. E 58 1260(1998).

B.Y. Yousif, R.G. Bowers, J. Phys. A 17 3389(1984).

Kun-Fa Tang, Jia-Zhen Hu, J. Phys. A 20 3069(1987).

Yung-Li Wang, Felix Lee, J.D. Kimel Phys. Rev. B 36 8945(1987).

Magnetic Molecular Materials, Vol. 198 of NATO ASI Series E, edited by D.
Gatteschi, O. Kahn, J. S. Miller, and F. Palacio ( Kluwer Academic, Dordrecht,
1991).

K. Binder, J. Stat. Phys. 24 69(1981).

R. Ehrlich, Physics and Computers: Problems, Simulations, and Data Analysis.
Houghton Mifflin Company . 1973 .

Ce-Jun Liu, H.B. Schiittler, Jia-Zhen Hu, Commun. Theor. Phys. 35 480(2001).
Ce-Jun Liu, H.B. Schiittler, Jia-Zhen Hu, Phys. Rev. E , 65 016114(2002).

Ce-Jun Liu, H.B. Schiittler, Phys. Rev. E , 65 056103(2002).



0.8+

0.6

<D(t)>

0.4

0.24

0.04

<D(t)>

L=101C1 t=1000
L=101C2 t=1000
L=101C3 t=1000
L=20 IC1 t=2000
L=201C2 t=2000
L=20 IC3 t=2000
L=40 IC1 t=2000

2.0

T T T T T T
12 14 16 18 20 22 24 26 28 3

o=
-

BN =
o O o

36

S=1 ()
1.0 w | " A
Y.,
)
0.8 ]
4
!
0.6 4
0ad| = L=101CT t=1000
e L=101C2 t=1000
L=10 IC3 t=1000
024| v L=201C1t=5000
L=20 IC2 t=5000
< L=201C3 t=5000
0.0+ L=40 IC1 t=6000 ¢ oo oe
T T T T T T T T 1
0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2
K, TH
S=1 (d)
0.30 o
"
l/.
0.25 - //-/
A
/
0.10 ./
/
0.05 /
I/.
/l/././
000 w8 [E=—IC1 =40 =6000 ]
T T T T T T T T 1
0.5 1.0 1.5 20 25 3.0
kTN

Figure 3.1: The damage spreading results for S = 1/2 and S = 1 Ising spin models.
Fig.3.1(a), the (D(t)) as a function of kgT/J for the S = 1/2 model. The vertical
dotted line marks the exactly known value of kpT./J = 2.269 for the standard
Ising model. Two temperature regimes are observed. In Fig.3.1(b), two temperature
regimes are also observed for S=1 model. In both Fig.3.1(a) and Fig.3.1(b), at the
maximum opgy point (the magnitude of op() of other points are smaller than this
point) with L=40, IC1 and t=6000, we estimate the transition temperature kgT, /.J
to be 2.30£0.05 and 1.70+0.045, respectively, for these two models. Fig. 3.1(c), the
ratio (R) versus kgT'/.J for different sizes L for the S = 1 model. All curves cross
in the kpT./J region; Fig.3.1(d), the ratio (Ps,—¢) as a function of kgT'/J for the
S=1 model after a long time limit. At the maximum standard deviation point (the
magnitude of standard deviations of other points are smaller than this point), we
estimate the transition temperature to be 1.70+0.05. In all figures, the standard
errors (error bars) are less than the size of symbols.
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Figure 3.7: The damage susceptibility op() as a function of temperature and G/.J for
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completely different behavior can be observed for G/J < 3.0 and for G/J >3.0. The
full line is a guide to the eye. The arrow points to the transition temperature of
standard Ising model on the square lattice.
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Figure 3.10: The total magnetization of the system (|M(t)|) as a function of tem-
perature and G/J for the mixed spin Ising model on the square lattice at L=40,
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Figure 3.11: The damage spreading results for S = 1 Blume-Capel model on the
square lattice at L=40, t=1000 and N,=200. In the figure, a completely different
behavior can be observed for G/J < 2.0 and for G/J > 2.0. The vertical dotted
line marks the exactly known value of kgT./J for the standard Ising model on the
square lattice. Fig.3.11(a), the average damage (D(t)) as a function of temperature
and G/J. Fig.3.11(b), the damage susceptibility op) as a function of temperature
and G/J. The full line is a guide to the eye. From the maximum values of op,
we may locate the phase transition temperature. Fig.3.11(c), the ratio (Pgs,—o) as
a function of temperature and G/J. The (Ps,—()=0.0 corresponds to the standard
Ising model. Fig.3.11(d), the finite-temperature phase diagram for S = 1 Blume-
Capel model on the square lattice by damage spreading procedure. The solid line
represents the second order transition. The white square denotes the tricritical point
at which the phase transition changes from second-order to first-order. In Figures
(a), (b) and (c), the standard errors (error bars) are less than the size of symbols.
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Figure 3.12: The damage spreading results for S = 2 Blume-Capel model on the
square lattice at L=40, t=1000 and N,=200. The notes are the same as in Fig.3.11.
In Figures (a), (b) and (c), the standard errors (error bars) are less than the size of

symbols.
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Figure 3.13: The damage spreading results for S = 3/2 Blume-Capel model on
the square lattice at L=40, t=1000 and N;=200. Fig.3.13(a), the average damage
(D(t)) as a function of temperature and G/J. Fig.3.13(b), the damage susceptibility
opw as a function of temperature and G/J. The full line is a guide to the eye.
Fig.3.13(c), (Ps,1=3/2) and (Pg,=1/2) as a function of temperature at G /J=2.0 and
2.01. Fig.3.13(d), the phase diagram for S = 3/2 Blume-Capel model on the square
lattice by damage spreading procedure. The solid line represents the second order
transition. The lower arrow points to the transition temperature ( 4kpT./J=2.269
) of the standard Ising model on the square lattice. In Figures (a), (b) and (c), the
standard errors (error bars) are less than the size of symbols. See text for details.
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Figure 3.14: The damage spreading results for S = 5/2 Blume-Capel model on the
square lattice at L=40, t=1000 and N4=200. The notes are the same as in Fig.3.13.
In Figures (a), (b) and (c), the standard errors (error bars) are less than the size of

symbols.



CHAPTER 4

SELF-CONSISTENT FEYNMAN DIAGRAM EXPANSION (SCFDE) TECHNIQUE

4.1 FiELD THEORY AT FINITE TEMPERATURE

Experiments are done at finite temperatures. Since one goal of many-body theory is
to explain experiments, here we will briefly show how to incorporate finite tempera-
ture into the Green’s function. The finite temperature formalism was originated by
Matsubara. It will actually be easier to use than the zero temperature version, and
the zero temperature result is always easily obtained from the finite temperature

result by just setting 7'=0.1

4.1.1 TEMPERATURE GREEN’S FUNCTION

In treating systems at finite temperature, it will be most convenient to use the
Grand Canonical Ensemble , which allows a variable number of particles. With the

definition of Grand Canonical Hamiltonian

K=H-uN (4.1)

The Grand Partition Function is

Zo =e P = Tre oK (4.2)

Q) is called the thermodynamic potential, 5=1/T denotes the inverse temperature.

The Density Operator is

I'Note: The References of Chapter 4 are combined in Chapter 5

20
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P = Zéle’ﬂk — (PO-K) (4.3)

where g is the chemical potential, T'r() denotes the Trace of a matrix. For any

Schrédinger operator Os(x), the Heisenberg picture is

~

Ox(x7) = eKT/hOAS(X)e’KT/h (4.4)

The Flield operator assumes the form

Ppea(x7) = 57/ () K7/M (4.5)

Ul (x7) = eKT/h\i/L(x)e_KT/h (4.6)
Note that U}_(x7) is not the adjoint of Wy, (x7) as long as 7 is real. If 7 is interpreted
as a complex variable, it may be analytically continued to a pure imaginary value
r=it. The resulting W] _(x,it) then becomes the true adjoint of Wy, (x,it). The
operators in Eqs.(4.5),(4.6) are sometimes called the imaginary-time operators.

The single-particle imaginary-time Green’s function is then defined as

Gop(x1,x'7") = =Tr{pcT; [\i/ka(XT)\i/Lﬁ(X,T/)]} (4.7)

where 0 < 7,7 < (h and p¢ is given by Eq.(4.3). Here the symbol T, orders the
operators according to their values of 7, with the smallest at the right; 7T, also
includes the signature factor (—1)F, where P is the number of permutations of
fermion operators needed to restore the original ordering. The trace ( T ) implies
that this Green’s function G involves a sum over a complete set of states in the
Hilbert space, each contribution being weighted with the operator pg.

The imaginary-time Green’s function is useful because it enable us to calculate

the thermodynamic behavior of the system. If the Hamiltonian H is time independent
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, as is usually the case, then G depends only on the combination 7-7/, and not on 7
and 7' separately.

For example, one of the observables, the mean number of particles in the system

is given by

N(T,V,p) = :F/TTGag(XT, x7) d*x (4.8)

where

TrGog(xr,xtt) = F> Tr [P U (x7) Wi (x7)]
_ 2ef0 STy [e—,@f(ef(r/h,il(];(X>\ija(x)€—f(7'/h]
= FNY Trle W (x) U, (%)
= F< ﬁzyx) > (4.9)
Here the cyclic property Tr(ABC)=Tr(BCA)=Tr(CAB) is used, along with the com-

mutativity of any two functions of the same operator. The upper (lower) signs refer

to bosons (fermions).

4.1.2 INTERACTION PICTURE AND PERTURBATION THEORY

We introduce the interaction picture, which is a basis for perturbation calculations.
For any operator Os in the Schrodinger picture, the interaction picture operator O I

and Heisenberg picture operator Oy can be defined

O/(r) = ekOT/hOASe_KOT/h

Ok(r) = eKT/h O ge=Kr/h (4.10)
where we rewrite H = Hy + H; and H, acting alone yields a soluble problem, H is

a perturbation term. In general, Hy does not commute with H;. Therefore, Eq.(4.1)

can be written as K = K, + K;. The two pictures are related by



OK(T) _ ekT/he_kOT/hOA](T)@KOT/BG_KT/h

N

= 4(0,7)O(7)a(r,0)

where 4 is defined by

a(Tl, 7_2) = eKoTl/hefK(Tl77’2)/567[(072/71

Eq.(4.12) can be rewritten as

efIA(T/h _ eflfoT/h&(T, O)

Eq.(4.12) satisfies the group property

/&/(Tl,TQ)a(TQ,Tg) = 7:6(7'1,7'3)

and the boundary condition

7:6(7'1,7'1) =1

Now, using the definition of

A

Kl (7_) —_ ekoT/hklefkoT/h

we can get the derivative of 4

ou(r, 1) . R ,
i S IV ¢
p (e, 7)

93

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

If 7 is set equal to fh, Eqgs.(4.13),(4.17) provide a perturbation expansion for the

grand partition function
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- Tre*ﬁf(

= Trle " a(shn,0)

= S (=1/R)"(1/n)) /O " /0 M A Tr{e R [Ry (r) - Ko (7]}

n=0

(4.18)

The exact imaginary-time Green’s function can now be rewritten as

Gag(XT, X/T/) =
—Tr{e %0 572 (=h) " (n)) "t ) dry - [0 dr, Tr[Ko(n) - 'Kn(Tn)\ian(XT)\ijJIrﬁ(X/T/)]}
Tr{e=PRo - (—h)=n(n))=1 [BF dry - [O% dr, Tr[Ky (1) - -K(70)]}

(4.19)

An important property of Green’s function is its periodicity. From Eq.(4.19), we see
that the variable 7; extends from 0 to 8h, so that -Gh < 7 — 7" < (Bh is satisfied. Let

7" be fixed (0 < 7/ < k), then

Gop(x0,x'7") = :FeﬁQTT{e_ﬁk\i/Lﬁ(x'T')\ilka(XO)}
= :FemTT{\ilka(xO)e*ﬁkﬁ/Lﬁ(x’T’)}
= FOTr{e R Uy, (xBR) UL, (x'7)}

= +Gup(x0h,x'T") (4.20)

Similarly

Gop(x7,X'0) = £G,p(xT,%x'0h) (4.21)

In the usual situation, H is time independent, and G depends only on the com-

bination 7 — 77, so Eqs.(4.20),(4.21) can be rewritten as
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Gop(x,x', 7 — 7' < 0) = £Gop(x, X, 7 — 7' + (h) (4.22)

As before, our convention is that upper(lower) signs refer to bosons(fermions). As
first proved by Matsubara, Eq.(4.19) can be expressed by a diagrammatic expansion.

This leads to the Feynman Diagram Ezxpansion Technique.

4.2 SELF-CONSISTENT FEYNMAN DIAGRAM EXPANSION TECHNIQUE

4.2.1 DERIVATION OF MATSUBARA FREQUENCY

For simplicity, we assume that Green’s function GG depends only on the difference

71 — Ty as shown in Eqs.(4.20)-(4.22), which represents the most common situation:

G (X1, 71, X2, T2) = G(X1, X2, 71 — o) (4.23)

For both statistics, G is periodic over the range 23h and then can be expanded in a

Fourier series:

G(x1,%2,7) = (BR) "D e ™" G(x1, X2, W) (4.24)

n

where 7 = 11 — 7 and

nmw
Bh

This representation ensures that G(x1, X2, 7+26h) = G(x1, Xa, 7) and the Fourier

(4.25)

Wyn =

coefficient is given by

G(x1, X2, wy,) = 2/ T TG (X1, X, T) (4.26)

We now separate the above equation into two parts
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1 /0 . 1 A
G(x1, X2, w,) = 5/[% dre*""G(xy, X, T) + 5 dre™""G(x1,X2,T)

0
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1 /0 ) 1 [BR )
= 4= / dre™""G(xy, X9, T+ fh) + = / dre™" " G(xy,X2,T)
2.J-pn 2 Jo

1 —iwn Gh PR iwWn T
= 5(1ie n )/0 dre™" G(x1,X2,T)

(4.27)

It shows that e=®nA" is equal to e™™" = (—1)" (from Eq.(4.25)), and the factor

(1 e7™nf) reduces to

1 ansy 1 if n is even(boson) or odd(fermion)
—(1 £ e ™) =
2

0 if n is odd(boson) or even(fermion)

So, the Eq.(4.26) may be rewritten as

Bh )
G(x1,Xg,wy) = dre™n"G(x1,X2,T)
0
where the Matsubara frequency:
2
{ % boson
Wy, =
(2n+1)w .
oh fermion

(4.28)

(4.29)

(4.30)

To be specific, in the subsequent sections, we will explain the SCFDE technique in

the context of single-band extended Hubbard (HB) Model for correlated electron sys-

tems, and then we only deal with odd Matsubara frequency for fermions in Eq.(4.30).

4.2.2 THE HUBBARD MODEL

Many theories of strongly correlated electron systems ( e.g. High-Tc superconductors

) begin with the Hubbard Model because of its simplicity. This is a model in which

band electrons interact via a two-body repulsive Coulomb interaction.
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In a Bloch state of energy €,, momentum p, and band index o has a wave function

V54, one can construct Wannier state

Z P (F) (4.31)

pGB Z.

where 7 is the location of the *" unit cell, B.Z. denotes 1st Brillouin Zone of the
lattice. The assumption here will be that only one (or a few) band indices matter,

so we drop the index «. The Coulomb interaction matrix elements are

Uiy = [ dry draWi (F)W5(7) V(7 = 7o) W (7)) W0(72) (4.32)

where V (7 —7%) is the (screened) Coulomb interaction. Uy is expected to decrease
rather rapidly with the separation |i — j|.

The second quantized Hamiltonian in the Wannier function basis is

= —Z Z (Ti)tijcq (75) +cf L (T)tijes(73))

iy o=T]

Z >~ Usjirgrch () ch (7)o (7)o (7r)

ZJZJ o=T1]

(4.33)

where ¢l (7) (c,(7) creates (annihilates) an electron at the unit cell 7 in the wannier

state of band responsible for the Fermi surface and satisfies

{eo(P),cb ()} = 8yprbrm
{CU(T_‘)aca’(fl)} =0
(4.34)

The hopping in Eq.(4.33) is assumed to be short-range and restricted to nearest

neighbor sites for simplicity:
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t if 4,7 are nearest neighbors

0 otherwise
The Hubbard Model is an approximation to the more general Hamiltonian where
the Coulomb interaction is assumed to be screened and only the ‘on site’ term is

kept

Usjir j0 = UdijOirjr it (4.36)

where U is the ‘on site’ Coulomb repulsive energy, then, we get the known single-band

Hubbard Model

H=—t Y ((PNeo(P)+ hc) + U ny(Pny(7) (4.37)
(F)a=1.1 7

Here, we have dropped the lattice sites labeling and (, ) means nearest neighbor sites.
This is also called the tight-binding approximation.

The particle number operator at site 7 is

n(7) = Y ne(F) = D ch(F)es () (4.38)

The Hilbert space of this system is the tensor product of only four states per site,
i.e. |0 >: vacuum; | T>: an electron with spin up; | | >: an electron with spin down;
| T/>: an up-down pair. For example, for four sites system, we may denote some
operations as follows:

|- — == >= |vac > ;| 1,],—— >= chcgﬂvac > | T,— - = >=
chch\vac > 1,01, 1>= CITcglchCZl]vac > (Half-Filled); etc;

The single-band Hubbard Model can be extended to the single-band extended
Hubbard Model [8]-[11]
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H = H,+ H,

= - Z tjg UJ’CUJ + Z 9 Vi jmjm;

4.0

(4.39)
Here j,j’ label N sites of a finite, d-dimensional Bravais lattice with periodic
boundary conditions. ¢;;; are to include the on-site chemical potential p, the 1st
neighbor hopping (hybridization) matrix element ¢ and, in a more realistic band
structure model, the weaker 2nd and 3rd neighbor terms, ¢’ and t”, etc. The Coulomb
interaction Vj j, includes the on-site U and, in a more realistic model, the 1st, 2nd,

., neighbor repulsions, etc.

4.2.3 SELF-ENERGY AND DYSON EQUATION

Feynman diagram properties can be represented in r-space or k-space. Here, we will
restrict ourself to k-space.

The single-fermion Green’s function G(k) is the most basic physical quantity
which can be obtained via a Feynman diagram expansion. Another important quan-
tity is the Self Energy, i.e. ¥(k). To recapitulate, G(k) and (k) are defined on a

domain x of discrete points k = {iv, k} given by

k:=M_xDB (4.40)
where, for a finite D-dimensional lattice of size L x Ly X ...Lp, the Brillouin zone B

is given by

2md7r
Lq

B:={k=(k'. . K’k = Mg € tg, ford € {1,...,D}} (4.41)

with
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ta=10,1,..,Lq—1} (4.42)

or, alternatively

Lg—1 Lg—1

2

)+ 1, .., +mt(£)} (4.43)

tg := {—int( 5

), —int(

where int(z):= max{j|jinteger, j < x} for real x. i.e. the wave vector l;:(kl, . kP)
is restricted to a discrete grid in d-dimensional reciprocal space with exactly N such
grid points contained in the 1st Brillouin zone B. Also, Ly denotes the integer side
length of the D-dimensional finite lattice in the d-th coordinate direction. Hence,

the number of lattice sites in the finite r-space lattice ¢ is

|t| =|B| =Ly x Ly X ... X Lp (4.44)

which is the same as | B|, the number of E—points in the corresponding Brillouin zone

B. The odd Matsubara frequency domain M_ is given by

M_ = {ivlv = (2mo + 1)7T, mg integer} (4.45)

where T=1/( is the temperature of the physical system, and we let A = 1 in
Eq.(4.30).
The relationship between Green’s function G(k) and the Self Energy (k) is
given by Dyson Equation
1

=0 (R — 5(k) (4.46)

where e(lZ) is the non-interacting electron energy band, given by

(k)= —pu — 2t > cos(kY) (4.47)



61
with ¢ denoting the 1st neighbor hybridization matrix element and p denoting the
chemical potential. Both ¢ and p are given input parameters of the model.

One important property of the Green’s function is its asymptotic behavior at
large |iv|, given by
- 1 1.2

G(iv,k) = — 4+ o(—) forliv] — o (4.48)

W W
4.2.4 SELF-CONSISTENT FEYNMAN DIAGRAM EXPANSION

Now, the self-energy ¥(k), in turn, is obtained self-consistent via a Feynman graph
expansion in terms of G and the interaction potential V. As illustrated in Fig.4.1

and Fig.4.1, for order n=1 and 2, an n-th order ¥-graph consists of n non-

Figure 4.1: All G-irreducible ¥-graphs of n=1 order

directional wavy lines (referred to as V-lines hereafter) and of 2 external and 2n-1

internal directed straight lines (referred to as G-lines hereafter). One incoming and
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n=2
q,=K,-K, q,=K-K,
f/-/\k\\ /\/\__
e ™
K,=K,+K-K, K, K K

LA NN

Figure 4.2: All G-irreducible »-graphs of n=2 order. A possible k-assignment is also
shown.

one outgoing G-line is attached to each endpoint (vertezr) of each V-line. The X (k)-
contribution for each graph is given by the Feynman rules so that, for k = (E, i)

—

and k, = (k,,iv,)(v =1,2,...) [12, 13]

Nmazx _T n N -
Sy =3 > () X Fk by, k) =SV (k) + 52 (k)  (4.49)
n=1 geGy, k1,...kn€Er
Here, G,, denotes the set of all topologically distinct G-irreducible Y-graphs g
of order n, where ¢ is defined to be G-irreducible (G-reducible) iff it cannot (can)

be severed into two disjoint pieces by cutting no more than two internal G-lines, as

illustrated in Fig.4.3.
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—~ N
//f / \
~ } P }

Figure 4.3: Selected G-reducible graph of n=2 order. Vertical arrows indicate the
cuts which separate the graph into two disjoint pieces.

The kj,— and iv,- summation domains are, respectively, the set B of N k-grid
points in the 1st Brillouin zone and the set M_ of odd Matsubara frequencies.

Fgf”)(k, ki, .., k,) contains the internal G— and V — line factors of graph g, i.e.

2n—1

Fgf")(k, ki, . kn) = (—(2S; + 1)) exp(dp1, i1 " H G(k H V()  for n>1
(4.50)
Here, the momenta k, and ¢, associated with the G-and V-lines, respectively,
are determined by the graph’s topology, via the momentum conservation rules at
each vertex, as illustrated in Fig.(4.2). Only the first n of the internal G— lines k-

variables ki, ..,k,, can be chosen and summed over independently; The remaining k—



64
variables, k,11,...,k2,_1, and all g-variables, ¢1,...,q,, are linear combinations of the
external k and of ky,..,k,. my denotes the number of closed G— loops in graph g and
St is the single-fermion spin quantum number, i.e. Sy=1/2 for non-spin- polarized
electrons. V(q) in Eq.(4.50) denotes the Fourier transform of the interaction potential
V, i.e. for the lattice model Eq.(4.39), with 7; denoting the position vector of site j

and ¢ = (7, iw)

V(o) = 5 S e T (4.51)
33
V(q) is independent of its (even) Matsubara frequency, iw = 2minT.

The n=1 (Hartree-Fock) contribution in Eq.(4.49), denoted by () depends
only on the external wave vector E, but not on the external frequency iv. Since, the
internal frequency (iv;) summation of the n=1 graph converges only conditionally
and only in the presence of the exp(d,1,i1°") convergence factor, we calculate
> (k) separately.

We list some numbers of rooted, connected, irreducible diagrams of order n

resulting from the Computational Graph Theory[14]:

n number
1 2

2 2

3 10

4 82

5 898

6 12018

7 187626

8 3323682

9 65607682
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10 1424967394

In Fig.4.4, we show the total 10 irreducible graphs for the n=3 order.

(e) n,=1 (f) ne:2 (9) ngzl

Figure 4.4: 10 G-irreducible ¥-graphs of n=3 order. In Fig.(4.4) (a), 2 different G-line
directions in the loop denote 2 different diagrams. In Fig.(4.4) (b), 2 different V-line
connections in the graph denote 2 different diagrams. In Fig.(4.4) (f), 2 different
V-line connections in the graph denote 2 different diagrams.

Now, we are able to summarize the Self-Consistent Feynman Diagram Expansion
Technique as follows:
1) Starting from an initial guess , e.g. , ¥(k),,,=0.
2) Use Dyson Eq.(4.46) to get G.
3) Use Eq.(4.49)-Eq(4.51) to obtain (k)

new"

(
(
(
(4) Check convergence:

If AY = |X(k),,., — Z(k),4l < Error, then stop; Otherwise, using standard Feed-

new

Back method to calculate the next iterate of X
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Zne:mf = A X E(k) + (1 - )‘) X 2](k)old

new

where A is the feed-back parameter. Repeat step(1)- step(4), until we achieve con-

vergence of this iteration cycle. Typically we choose values of A in the range A € [0, 1].



CHAPTER 5

THE APPLICATIONS OF SELF-CONSISTENT FEYNMAN DIAGRAM EXPANSION TO

THE CORRELATED ELECTRON MODELS

5.1 THE HUBBARD MODEL (HB)

5.1.1 SUMMATION OF MATSUBARA FREQUENCY FOR THE 1ST ORDER GRAPH

iFrom Eqs.(4.49) and (4.50), we can extract the summation part for Matsubara

frequency as

S(k) = lim —T‘AZ G(k,iv)e™" (5.1)

Golk)=— 52—+ —5 or || — oo 5.2
W)= o = e forl 5:2)
Consider
o - - A—A 1
AG (k,iv) = G(k,iv) — Go(k,iv) = — 20 ~—5 forliv]| = o0 (5.3)
(iv) (v)
therefore
. -T 1U=100 . ) 1V=100 . ) . .
S(k> = 11%1+ W[ Z AG(k’iy)ewn + Z GO(kaiV)ewn] = AS(ka 77) + SO(k777>
n— IW=—100 IW=—100

(5.4)
In Eq.(5.4), the first term

67
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T W=100
~ > AG( kyiv) (5.5)

W=—100

AS(k,n) =

can do summation numerically with finite cut-off frequency, since lim, g+ e — 1.

The second term can be written as

= lim — =
n—0+ i —ioo 1 — €(k)
= Jm o 2 F)
(5.6)
where
eiun
F@iv) = —— (5.7)
iv —e(k)

Now, introducing a function (Fermi function) f(z) = 1/(e?*+1), which has poles
at z = iv = (2m + 1)inw /[, and using Residual Theorem on the odd Matsubara

frequency as shown in Fig.5.1, we can obtain[3]

p
T]EI(I)IJrZF 7/1/ m (58)
hence, Eq.(5.6) becomes
, . -T 5 -1 1
So(k) = lim Sy(k,n)=———7—=——7— 5.9
o(k) Jimm, ok ) = — e N o 11 (5.9)

1
An alternative method is: instead of using Eq.(5.3), we could use

AG(k,iv) = G(k,iv) — Gy(k,iv) (5.10)
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<

L/

Figure 5.1: Summation of imaginary odd Matsubara frequency

with

Gi(k,iv) = = (5.11)

where

E(k) := e(k) + V() (5.12)

is called the ‘Hartree-Fock” band. Similar to above scheme, we can do the summation
numerically with finite cut-off frequency for AG, and do the summation analytically

for GG and get
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) T8 _ -1 1
1 _— - - -
Si(k) = nj?ﬁ_sa(k n) = N eBE(R) 11 N eBER) 4 1

(5.13)
An important physical quantity we will calculate is the average electron number
for the model at each lattice site. Similar to Eq.(4.9), the average electron number

18

1
wh=n = FTtng,
— LY lm G
=yl Gl
1 o
= Y Jim ek (0)cg, ()
k.o
(5.14)
Using the Fourier Transform of G (E, iv):
G(k,7)=TY e G(k,iv) (5.15)

w

we get

N r—0- 4

(n) = — lim ZZ@”’”G k i)

::—ZMMZeW (k,iv) — Gi(k, )] + 3 e Gy (K, iv)}

(5.16)
For the procedures of Eq.(5.1)-Eq.(5.13) we have employed, we may do the first
summation term in Eq.(5.16) numerically with finite cut-off frequency and analyt-

ically get the second summation term as the Fermi function form. Note that the

summation for o in Eq.(5.16) will lead to factor ”2” for the electron.
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5.1.2 SoME RESULTS FOR THE HB MODEL

We perform our calculations on the 2-dimensional lattice with size L; x Ly = 4 x4. For
simplicity, we choose the parameter ¢ = 1 and only consider the on-site interaction,

1.e.

Vig)=U (5.17)

The error (the convergence criterion of the iteration procedure) on the first line of
Page 66 was set to be 107°. We consider the Half-Filled case, i.e. we set the chemical
potential to be y = U/2, the expected average electron number ( Eq.(5.16)) should
be 1.

Fig.5.2 shows the results of the n = 2 order for the AYX = |X(k),., — (k) 4l
at 5 different temperatures (in order to plot it with appropriate scale in the figure,
we divide AY by the value of first iteration X(k), ., |i=1 ). We can see the higher
the temperature, the faster the convergence of the iteration procedure. At very low
temperature 7'=0.05, its behavior is very strange, revealing the possible important
dynamical characteristics of the electron. This can also be seen in the similar behavior
of the average electron number as shown in Fig.5.3.

Fig.5.4 shows results of n = 2 order with three different feed-back convergent
parameters. The behavior of AY and (n) are different between them. The small
figure in the plot is the self-energy ¥ including the real part (ReXs) and imaginary
part (ImY,). We can see that they converge to the same values with those three
different convergent parameters.

Fig.5.5 and Fig.5.6 are the results for the self-energy I'm>. and ReY with max-
imum n = 3 order considered. In the figure, the notation "ny.ny” (ny = 2,3;ny = 2, 3)
means the n, order term’s result when maximum n, order is considered. Fig.5.7 and

Fig.5.8 are the results with the same U and p but a lower temperature. The features
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at T'=1.8 and T'=0.5 are a little bit different. From the figures, we can see the results

of Y9 and Y 3 is very close. It is obviously reasonable.

5.2 THE ANDERSON IMPURITY MODEL (AIM)

5.2.1 ANDERSON IMPURITY MODEL

The Anderson Impurity Model (AIM)[15]-[18] is the archetype for describing dilute,
correlated magnetic impurities in metals. With the Fermi level taken as the energy

origin, the Hamiltonian for the spin-1/2 AIM is given in standard notation by

H = Hhost + Himpurity + thbridization

— Z GECL“UCEJ + Z(ez + %Uni_(,)nw + Z ‘/ZE(CIUCEJ + c}%acw)
ko o ko

(5.18)

The first term in H refers to the host band of non-interacting electrons with

dispersion ¢;; and CJTZU(CEJ) creates (annihilates) an electron in the conduction band

in a Bloch state with wave vector k and spin 0. The second term refers to the single

impurity ¢ with on-site Coulomb interaction U and on-site energy €;. n;, = c;-racw

measures the occupation at impurity site ¢ for spin ¢. The final term describes the

one-electron hybridization between the impurity and host, ¢l (¢;,) creates (anni-

hilates) an electron with spin o at a single impurity site i. Here, we only study

the particle-hole (p-h) symmetric AIM where ¢, = —U/2 and the impurity charge
n; = > ,(niy;) =1 for all U.

The AIM here can also be studied by the SCFDE technique. The impurity Green’s

function may be written as

1
iv +1ilsgn(v) — e — XM — AX(iv)

Giv) = (5.19)



Hence, as in Hubbard Model, we may write

with
1
G, (iv) =
(iv) iv +ilsgn(v) — Ey
and
EO = €; + Z(l)
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(5.20)

(5.21)

(5.22)

Then the summation term };, AG(E, iv) can be numerically obtained with finite

cut-off frequency, since AG(k, iv) ~ —L for i(v) — oo. For the second term

()

S, =Y G(iv)e ™"

(5.23)

We can solve it analytically by using the Residual Theorem. Eq.(5.21) can be

analytically continued as (iv — z)

1
G (2) = ———— >0
(2) P T for v
with a pole at 2™ = Ey —iI", and
G (2) . for v <0
()= ————— or v
z — (Ep + 1)

with a pole at zt = Ey + iI". Doing some computations, we will get

Sr - Sr1+Sr2

= (X Gim)e ™)+ (3 G (iw)e ™)

w,v>0 w,v<0

(5.24)

(5.25)
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“1.1 A+E, 1. T A
= ?[;arctg( T ) — 5] +7T_T/—A (x)dx
(5.26)
where
- f(x)
Fo) = g T (5.27)

with f(x) = ﬁ, the Fermi function. The constant A > Ey, I',T should be satis-
fied.

The average electron number is

2T - .
(n) = ~ SN Gk iv)e ™ (5.28)
koW
The integration in Eq.(5.26) can be done numerically by Simpson’s rule[19]: Assume

we need to get

b
S = / flz) da (5.29)
then
(1)calculating the following quantity by using trapezoid rule:

T, = KON Githn=1,h=b—a

(2)calculating Ty, = +T,, + 2 32070 fa, +2)
(3)Using Simpson's rule to calculate

Sy, = 4T2,§ Ty

(4) If [Sa, — Sn| < ¢, stop; Otherwise, set 2n = n, 2 = h, repeat (2) and (3).

5.2.2 SoME RESULTS FOR THE AIM MODEL

In the following calculations, we find that there is no difference for the integration
term in Eq.(5.26) between A = 10 and A = 20. We will take A = 10. The other

parameters are set to be I' = 1, { = 1075,
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We first present the calculation results of Feynman diagram expansion of n = 2
order. Fig.5.9 shows (n) as a function of iteration step at 7" = 0.05 and for 5 different
U. We can see that the higher the U, the slower the convergence when 7' is fixed.
Fig.5.10 and Fig.5.11 are corresponding results of self-energy ReY and Im3 under
the same conditions as in Fig.5.9, the ReX part can be regarded as zero, and the
higher the U, the larger the amplitude of ImX. Fig.5.12 is the required number of
trapezoids ( denoted by n_[ in the figure ) in order to get ¢ = 107° in the calculation
of integration in Eq.(5.26) for Fig.5.9-Fig.5.11.

Whether an iteration procedure is convergent, divergent, or ltmit cycle depends on
the feed-back parameter. Fig.5.13 illustrates two A values’ results: one is convergent,
the other is divergent.

Fig.5.14, Fig.5.15, and Fig.5.16 give the plots of (n) — ¢, Re¥X and ImY with
n = 2 at different cut-off Matsubara frequency, respectively. As above, the Re> part
can be regarded as zero, and different features of Im>: can be seen in the figures.

Fig.5.17 (T'=0.5), Fig.5.18 (T'=0.05), and Fig.5.19 (7T=0.008), are respectively
the calculation results of Im at 3 different temperature with the same cut-off
Matsubara frequency Ly = 100 and the maximum Feynman diagram order n = 3.
The ImY can show us different features around w = 0. Note that many interesting
physical quantities ( e.g. mass enhancement factor on the Fermi surface ) are related

to the self-energy or its derivative[20, 21].
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Figure 5.2: Behavior of AY = [¥(k), ., — 2(k),,| at 5 different temperatures with
U=8.0, u=4.0. t is the iteration number. n=2. Note that in order to plot it with
appropriate scale in the figure, we divide AY by the first iteration (k)

new|t:1'
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<n>

Figure 5.3: Behavior of average electron number at 5 different temperatures with
U=8.0, ©=4.0. t is the iteration number. n=2.
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p=1.0
T=0.01
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07 I, (A0,
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t

Figure 5.4: Behavior of AY, (n), and ¥, with three different feed-back convergent
parameters. n=2. See text for details. Note that in order to plot it with appropriate
scale in the figure, we divide A¥ by the first iteration ¥(k),,,,,|¢=1-
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Figure 5.5: Imaginary part of ¥ when maximum n = 3 order is considered in the
computations. See text for details.
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Figure 5.6: Real part of ¥ when maximum n = 3 order is considered in the compu-
tations. See text for details.
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Figure 5.7: Imaginary part of > at a lower temperature when maximum n = 3 order
is considered in the computations. See text for details.
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Figure 5.8: Real part of ¥ at a lower temperature when maximum n = 3 order is
considered in the computations. See text for details.
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Figure 5.9: Behavior of average electron number at 5 different U with T=0.05. t is
the iteration number. n=2.
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Figure 5.10: Real part of ¥ when n = 2 order is considered in the computations.
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Figure 5.11: Imaginary part of ¥ when n = 2 order is considered in the computations.
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Figure 5.12: The required number of trapezoids in order to get ¢ = 107% in the
calculation of integration in Eq.(5.26) for Fig.5.9-Fig.5.11.
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Figure 5.14: Behavior of average electron number at 5 different cut-oft L. ¢ is the
iteration number. n=2.
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Ly in the computations.
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Figure 5.17: Imaginary part of > when maximum n = 3 order is considered at T=0.5
in the computations. See similar notations in HBM.
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CHAPTER 6

MONTE CARLO SUMMATION TECHNIQUE AND FUTURE WORK

Note that in the above Feynman diagram summations of Eq.(4.49) and Eq.(4.50),
we do the k summation in momentum space for all the diagrams of order n’s. It is
a brute force approach and then need a lot of computer CPU time.

Remember that in Chapter 2, the Importance Sampling Monte Carlo method
can bring us the more efficient technique to sample a function at points where
the main contribution comes from in a summation expression. Eq.(4.49) is a high-
dimensional summation expression, therefore the sum of the higher order (n > 2)
graphs, denoted by X(*)(k) in Eq.(4.49) can be calculated by Monte Carlo (MC)
Summation Technique.

Similar to Eq.(2.4)-Eq.(2.8) in Chapter 2, we briefly give the basic idea of this
Monte Carlo Summation Technique here. To sum up a function I(z) over a high-

dimensional domain D, we write its sum %) as[1, 2]

5D =3 I(x)=0Cw Y S(X)P(X) (6.1)

XeD XeD

with a probability distribution P(X), score S(X) and norm factor Cy, given by

P(X)=CyW(X), SX)=I1(X)/W(X), Cw= ) W(X) (6.2)

XeD
respectively. Here, W (X)) is an arbitrary non-negative weight function with W (X) >

0 where |[/(X)| > 0. Using a Markov-type random walk procedure, we generate a
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large of random X —point, X, XM XM) ¢ D each with probability P(X), and

evaluate the MC average of S(X)

(S)ar =M~ f) S(x ™) (6.3)

m=1

For M — oo, (S),, — XU /Cy with a variance §S? ~ O(M™'). The evaluation
of Cyy, can be carried out by an analogous MC summation, with the same weight
W(X).

The implementation of this Monte Carlo diagram summation method for n > 1
higher order Feynman diagram expansion poses major algorithmic and computa-
tional challenges in several, quite distinct areas of computational science. The simul-
taneous stochastic summation over diagram topologies and over internal momentum-
energy variables require novel MC updating and scoring approaches as well as major
efforts to achieve variance minimization. The detailed description of this method
combined with Self-Consistent Feynman Diagram Expansion technique can be found
in [3, 4].

The first and successful application of this Monte Carlo Diagram Summation
Technique is for the single Anderson impurity model (AIM) up to n=6 order
Feynman diagram summation. This method combines the stochastic Monte Carlo
sampling technique with a self-consistent Feynman diagram summation into a con-
trolled approximation tool where the self-energy is calculated and compared with
quantum Monte Carlo data[4].

Fig.6.1 and Fig.6.2 show two comparisons of Monte Carlo Diagram Summation
Technique results ( performed in the real space and then Fourier transformed into
the k space ) and brute force results ( k space ) for the first time iteration of 2 x 2
Hubbard model including diagrams up to n = 3. Those two results are in very good

agreement.
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For the future perspectives of this Monte Carlo Feynman Diagram Expansion
technique, we may work in the following directions:

(1) Try to obtain the results with the higher order n > 3 for the AIM and
HBM, and to study the behavior of those models with higher order terms. Sim-
ilar to the Quantum Monte Carlo (QMC) algorithm, this MC summation here also
exhibits a "minus-sign” problem, however, we expect the minus-sign problem to be
manageable[5], at least up to 1,4, ~ 10 — 20.

(2) Parallelization of the codes to reduce the computer CPU time.

(3) Applications and Extensions of this MC Feynman diagram summation tech-
nique. In addition to the Hubbard model (HBM) and Anderson Impurity model
(AIM), this technique can also be used in other strongly correlated electron physics,
such as the cuprate high-temperature superconductors (HTSC)[6], infinite dimen-
sional Hubbard model (IDHBM)[7], etc. Future extensions of this approach will
include applications to (i) multi-band models, relevant to cuprates[8]; (ii) quantum

chemistry; (iii) electronic structure of solids. etc.
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Figure 6.1: real part of the total > when maximum n = 3 order is considered in the
2X2 HBM for the 1st iteration at T=2.0, U=2.0 .
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Figure 6.2: imaginary part of the total ¥ when maximum n = 3 order is considered
in the 2X2 HBM for the 1st iteration at T'=2.0, U=2.0.



