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We study a modified 2-dimensional XY model on the square lattice defined by the Hamiltonian

H = _Z[Jl cos (0 — 6;) + Jacos2 (0, — 0))], for J, > 0,
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using Monte Carlo simulations. Our goal is to specify the phases in the space of parameter j = ﬁ and
temperature 7" and to determine the types of phase transitions between the phases. Our results indicate
that the phase diagram consists of 3 phases (magnetic, nematic and paramagnetic). The transition between
the magnetic and the paramagnetic phase is of the Kosterlitz-Thouless (KT) type with an universal jump
% caused by unbinding of vortex pairs. The nematic-paramagnetic transition is of the KT type with an
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nematic phase is of the Ising type.
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Chapter 1

Introduction

1.1 The 2-dimensional XY model

The 2-dimensional (2-D) XY model on the square lattice is defined by the Hamiltonian

Hxy = —leCOS(tgk —91), (1.1)
(k1)

where the indices k and [ numerate the lattice sites on a 2-dimensional square lattice, the sum is over the
nearest-neighbour lattice sites and 6}, is the angle associated with each site. This model might be realized by
spins localized on a 2-D square lattice fixed in the lattice plane.

The long-wavelength lattice waves are responsible for destroying the long-range order in the 2-D models
[1]E| Nevertheless, there might exist a low-temperature phase with “quasi”-long-range orderﬂ Kosterlitz and
Thouless have shown that the model undergoes a Kosterlitz-Thouless (KT) phase transition from the “quasi™
ordered into a disordered high-temperature phase [2]. The phase transition occurs at a temperature, when
tightly bound topological defects (pairs of vortex and anti-vortex) unbind and become free.

1.2 Modified XY model

Our modified model is defined by the Hamiltonian

H=—"[Jicos (0 — ) + J2cos2 (6 — )], (1.2)
(k)

where Jy is considered to be non-negative. The modified model appeared to be important in the context of
“possible vortex splitting in high-temperature cuprate superconductors” [3]. The Hamiltonian Eq.(1.2]) may
be, equivalently, rewritten into

I cos2 (0 —61)] , (1.3)

H= —JZ [jcos(@k —0)+
(k1)

where J = J; 4+ 4J5 is considered to be positive and the coupling parameter j = % lies in the range [0, 1}
The choice for the unit J is motivated by the harmonic approximation of the Hamiltonian Eq.(L.3),

J
H— ngound ~ 5 %(gk - el)2a (14)

IWhich is an important difference between 2-D and 3-D models.

2The “quasi’™ordered phase will be reffered to as a magnetic, and a nematic phase, although it would be more exact to call
them “quasi”-magnetic, and “quasi’-nematic.

3The interaction with negative J; reproduces the same phases as positive Ji. We show this later in Sec Hence, our

study concentrates on j € [0, 1], because j from that range reproduces any non-negative ratio ‘%
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where Hground = —2JN2(j + %) is the energy of the ground state of the lattice. Note, that the low-
temperature approximation has no dependency on j.

We will measure the temperature in most cases in units .J [f] Sometimes it will be natural to use units .J
instead of J, especially for comparing results from models with different j — the unit J is namely a function
of j.

The function defining the energy of a single bond between the spins k& and [ is symmetric function
(regarding indices k and 1),

I cos2 (01 — 0))). (1.5)

6(9k,91) = e(Gk — 91) = —J[j CcoS (9k — 01) +

For theoretical purposes it is useful to analyse also the continuous model. For spacing a — 0% is the
harmonic approximation Eq.(1.4]) exact. The Hamiltonian of the continuous “lattice” is

2 2 .
H — Hground = %Z(gk _ gl)Z ~ ‘2]; l<598(2k) a> n <89{§;k) a> ‘| a—0’ g/d% [VG(I’)]27 (1.6)

where 6(r) is the angle associated with the point r. As one might have expected, the continuous model has
again no dependency on j.

1.2.1 Similarity between j =0 and j = 1.

In this section we denote the parameter j by an upper index. The Hamilonians of the models with j = 1 and
7 =0 are

HY(9) = —JZCOS (0 — 61), (1.7)
w0
HO)(g) = —g S cos2 (0 — 01) (1.8)

(k)

The space of all possible configurations 6 of a lattice N x N is C' = [0, 27)", where n = N2. Equivalently, we
may describe the space of all possible configurations 6 in a different way, as an element of the space C' = C; x
Cy, where C7 = {0,1}" and Cy = [0, 7)™. Then the configuration ¢’ = (p,r) = (P1,P2, -, Py T1, 72y -y Tn) €
C';p; € {0,1},7; € [0,7) is encoding the information 0; = mp; + n— The advantage of this notation is that

the energy H!” does not depend on p and may be expressed as

1
H%p,r) = H(r) = 2 H (2r), (1.9)
where 2r is an element of C'.
The statistical sum for j =1 is
[1]
Z(T) = / Do e~ T (1.10)
c
where D = d"6 = [[, df; is an n-dimensional differential. The statistical sum for j = 0 is
O] (r [1]
70Ty = [ Drone T = [ QS“bSQt' ] - / Do e~ = ZW(4T). (1.11)
Cs i = &I C

That gives us a powerful tool. We define transformation T, : C — C' as follows
Tp : 0, — mp; +60,/2, (1.12)
where p; € {0,1}. Then for the probabilities hold

1 _ gl
p[”w,u]:me ™ = pl[T,(9), 71, (1.13)

4As one my colleague suggested, it might be Joule as the unit of energy.
5Surely, both ways enable to describe any configuration and there is bijection between the 2 configuration spaces.
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which guarantees that the phase in model with j = 1 at a certain temperature 47T will be the same, in the
sense of transformation T}, as in the model with j =0 at 7.

If we have analogous functions X (0) and Y (0) satisfying X (p,r) = X(r) = Y(2r) then for their averages
hold equation

(X(T))e g = _ L[ prony(ar) et = m /Cpa Y () e = (YD), - (L14)

Z01(T) Jo

1.2.2 Similarity between J; and —J;.

We consider J; > 0. Like in the previous subsection, we denote with an upper index the sign in front of Jy,

Ht = _Z[Jl cos (0 — 0;) + Jacos2 (0, — 0))], (1.15)
(k1)

H™ = _Z[_Jl cos (0 — 0;) + Jocos 2 (6, — 6)] - (1.16)
(kl)

We define the transformation ¢ : C — C as following: Let [z,y] be the coordinates of a spin in our square
N x N lattice. Then we will change the angle of all spins with odd (x + y) by 7TE| It is not surprising that

H* [t(0)] = H[6). (1.17)

The statistical sum Z*(T) is the same as Z~(T), becauseﬂ

HT(0) f( )] H—(6) _
/D e T /De /Dee T = 77(T). (1.18)

For the probabilities we get
Pt [t(0),T] =p~ 0.7, (1.19)

and we can conclude that the phases of the model with J; must be in a one-to-one relation with the phases
of the model with —.J; [f]

1.2.3 Expectations

For j = 1, our model is identical to the usual XY model that has a “quasi”magnetic low-temperature
phase (which will be referred to shortly as “magnet”) and a disordered paramagnetic high-temperature phase
(“paramagnet”). The phase transition at T (j = 1) between the 2 phases is of the KT type.

For j = 0 the situation is almost the same (see Sec7 only the low-temperature phase consists of spins
with random orientations and the phase transition is result of unbinding of pairs consisting of a half-vortex
and an anti-half-vortex. Half-vortices are excitations analogous to vortices in respect to the transformation
Eq.. The low-temperature ordered phase with random spin orientation will be referred to as the nematic
phase. The phase transition at Tc(j = 0) = 1T (j = 1) is of the KT type.

The aim of this thesis is to prove or disprove following hypotheses:

For small j, the dominant term in the Hamiltonian Eq. is Jo. For sufficiently small j we may sketch
a gedanken experiment: at zero temperature the configuration is in the ground state, all spins are uniformly
directed and oriented. If we heat up the configuration, there should exist a (low) temperature Tj(j), at
which the thermal fluctuations are of the same order as J;. At temperatures above T7(j) the spins became
free in orientation (ruled by the Ji-interaction), but they remain bound concerning their direction (ruled by
the dominant Js-interaction) — the system undergoes a phase transition from the magnetic phase into the
nematic phase. By further heating up we come to the temperature T5(j) ~ Te(j = 0), at which the KT
phase transition between the nematic and the paramagnetic phase due to half-vortex pair unbinding (as for
j = 0) occurs.

SEvery spin with odd (z + y) has neighbours with even (x + y) and vice versa.

"The Jacobian of the transformation ¢ is 1.

8For example, if the model with J; at temperature T is in the ferromagnetic phase (or the paramagnetic, or the nematic),
then the model with —J; at the same temperature T is in the antiferromagnetic phase (or the paramagnetic, or the nematic
phase).
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Figure 1.1: Typical spin configurations in the magnetic (left), the nematic (in the middle) and the paramagnetic
(right) phase.

The phase transition at 77 between the magnetic and nematic phases resembles the Ising phase transitionEl

It is known that the phase transition for the Ising model defined by the Hamiltonian Higing = —K Z< k) SESI,

where Si, = £1 and the coupling constant K is positive (ferromagnet), occurs at Tiging = — 2K ___ Therefore

In(1+v2)
we may estimate that the phase transition between the magnetic and the nematic phase for our problem

occurs at 9]
. J
T N —. 1.20
)~ (1.20)
Concluding, for values of j such that T7(j) < T5(j) we should find 3 phases (the low-temperature magnetic
phase, the intermediate-temperature nematic phase and the high-temperature paramagnetic phase) and 2
phase transitions (of the Ising type between the magnetic and the nematic phase, and of the KT type
between the nematic phase and the paramagnet).
For j that do not satisfy the condition T} (j) < T2(j) it might be expected that there exist only 2 phases:
the magnet and the paramagnet, separated by the KT phase transition due to vortex unbinding.

9A similar Ising-like phase transition between “the nematic and almost-tetratic phase” is presented in [4].
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Chapter 2

KT phase transition

2.1 The KT magnetic-paramagnetic phase transition

In this section we will derive the Kosterlitz-Thouless (KT) equation [2] for the magnetic-paramagnetic phase
transition in the modified XY model. We claim that at the magnetic-paramagnetic phase transition the half-
vortices do not play a role because the unbinding of them costs extra free energy of domain walls stretched
between the half-vortex and anti-half-vortex (see FigJ2.1)), which scales linearly with the distance between
them. A free half-vortex in the paramagnetic phase at temperature T just above the magnetic-paramagnetic
phase transition would have an infinitely long domain wall. Since in the magnetic phase the domain walls
are energetically unfavorable, they would be also in the paramagnetic phase at temperature close to the
phase transition. Thus, a free half-vortex would have linearly infinite free energy — which implies that free
half-vortices are at the magnetic-paramagnetic phase transition not present.
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Figure 2.1: Configuration with a half-vortex (right) and an anti-half-vortex (left) “connected” with a domain wall
(dotted segment line) for j > 0.

We will assume that the KT phase transition occurs only because of vortex pair unbinding. We will
analyse the continuous model Eq.. We will inspect the problem far from boundaries, therefore we may
assume periodic boundary conditions of a large square lattice, 04 = [— A, A] x [—A, A] with sufficiently large
A > 0. In order to minimize the energy we have to find the extrema of the functional F[f(r)] = [ d?r [Vo(r)]?.
The extrema have to satisfy the Laplace equationEl

0. (2.1)

LOur problem is therefore equivalent to the 2D electrostatics without charges.
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The Laplace equation is solved by harmonic functions. A harmonic function u(zx,y) is smooth and if we
add to it ¢ times its harmonic conjugate function @(z,y), we obtain a holomorphic complex function u + 4.
The Cauchy-Riemann equations holds for them,

dr 0Oy dy ox
Therefore both, the function v and the function 4, are solutions of our variational problem. Moreover, the
solutions have the same energy.

2.1.1 Vorticity
We will define a new quantity, the vorticity of a simply connected subset S of [y

1 1
T Jos T Joas

where the contour integral is taken, as always in this paper, counter-clockwise.

2.1.2 Spin-wave solution

Functions that are solutions of Laplace equation in the whole region (14 are smooth in (4. This type of
solution we will call the spin-wave solution and denote it by . It is clear that the harmonic conjugate
function of a spin-wave solution is also a spin wave solution. We will introduce the differential operator
Vi = 0y&; — 0,€; that applied on a continuously differentiable function u gives the vector Vu rotated by
—5 with a useful property
Vu=V_u, Viu=—-Vi. (2.4)
The vorticity of a spin-wave solution for an arbitrary simply connected subset .S is 0. We will prove that
using the divergence theorem as follows

dr-V¢:f dln-vﬂp:/d%v-vwzo, (2.5)
as as S

where the unit vector n is perpendicular to the loop 05 and is directed outwards from S; the differential
operator V- V| = 0,y — Oy, applied on a smooth function gives 0.

2.1.3 Vortex

We will assume that the configuration 6(r) is a superposition of a continuously differentiable (smooth) spin-
wave solution v with vorticity equal 0 and vortices — elementary point excitations with non-zero vorticity —
that produce the field ¢. A single vortex ¢ in the point r; with ’charge’ g; € {£1} is described byE|

¢i(r) = qi arg[(z — ;) +i(y — vi)]- (2.6)

A vortex with positive “charge” will be reffered to simply as a vortex, and vortex with negative ’charge’ will
be referred to as an anti-vortex; see Fig[2.2] The discontinuity for < x;,y = y; is irrelevant because the
original (anharmonic) Hamiltonian Eq. does not “see” the phase difference 27w there. Therefore we can
simply ignore this discontinuity. However, the point discontinuity at r; is relevant and in that point the
Laplace equation is not satisfied — therefore the vortex is a point excitation.

The vortex configuration can be defined by the vortex density

p(r) = i d(r — ;). (2.7)
The phase field corresponding to this vortex density is then

¢(r) = Z gi arg|(z — ;) +i(y — vl (2.8)

2Remember that the complex logarithm lng = lng + iarg z with a real parameter d is holomorphic for z # 0.
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Figure 2.2: Examples of a single vortex (left) and an anti-vortex (right).

The harmonic conjugate field is

—;qi In |r+drl| (2.9)
Since A [% In 5] = 4(r) in 2D, we may write for the harmonic conjugate field the following (Poisson) equation
Ap = —27p. (2.10)

The rotated gradient of ¢ is
Vig(r) = —Vo(r §3%|_rﬁ (2.11)

Vorticity of a vortex configuration

The vorticity of a simply connected set S C O, containing vortices indexed with i can be calculated as
follows

1 1
V¢(S):%£5dln-VL¢:2ﬁ/ d*r v - vl¢+—2£ din -V, ¢,

B(r;,e)

_or Ly, e IR R LS »
_0+2WZ:%£medn VFJH ¢J 2w§:amr@ : IIV@} gh“

where éi(r) =-> i Ui In lr;drd is the harmonic conjugate vortex field of all vortices in [4 except for the
vortex i; X stands for the boundary of set X. The useful trick was to apply the divergence theorem on a
non-simply connected set S" = S\ |, B(r;,e) without open balls B(r;,e) around the vortices (see Fig
and to replace V_u by —Va. Thus we have found that the total vorticity is the sum of vortex charges inside

S.

Energy of a vortex configuration

The energy of a single vortex located at the origin of a real (discrete) lattice is

J A
Hvortex - ngound ~ 5 dz’r (V¢)2 ~ 7TJ/ —
DA\B(O,G/) a’

(2.12)

n—,
a/
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Figure 2.3: Left: A simply connected set S (hatched) containing vortices (displayed as “V”). Right: The non-simply
connected set S’ = S\ |J, B(r:,¢) is shown as the grey area.

where the a’ ~ a is a cutoff of the integral at the lower boundary. The entropy of a single vortex is
S~ %. This indicates that the presence of a single vortex will lower the free energy F' = E—TS
of the system for temperatures To < % Below T there should not exist any free vortices That enables
us to consider periodic boundary conditions - namely, the total vorticity of (14 with periodic boundary
conditions is zero and therefore the number of positive vortices in (04 with periodic boundary conditions
must be equal to the number of anti-vortices.

We are trying to make a low-temperature approximation and therefore we may consider that there are
no free vortices, only pairs of them. The energy of N vortices may be calculated as follows

H =~ Hyoma =y [ &1 (V3 4 NHowo =5 [ &7 (9(578) = AF] + NHoos

J% P J - -
24 dn-@Ve -2 j’{ dln- (V) -0+ NHeoe,
2 o0a ( ) 2 ; OB(r;,a’) ( )

J 2m B a/ R .
0-— 3 21:/0 a' da (qﬁi(ri +a'n) — ¢;In d) [n -Vo¢i(r; +a'n) — %} + NHeore,

:FJZqz {(ﬁl r;) —q;ln ]+NHcore_ WJ;qijln :1]+N'u’
i#]

where we have denoted the integral [ B(ri,a) d2r [V¢ZP of the energy of the core of a vortex or an anti-vortex
as Hcope.- This term is within the continuous theory not well defined, but it is obvious that the term is the
same for a vortex as well for an anti-vortex. The value of H.oe contributes to the chemical potential p of
a single vortex. We have assumed that the value of 451(“ + a/n) has a sufficiently small variation in the
neighbourhood of r;; 00’y denotes 04 \ |J; B(r;, ') and we have used that

e Ad =0 everywhere in 4 \ U, B(ri, '),

. faDA dln- (¢ V) = 0 because of periodic boundary conditions, since ¢(r + 248&,) = ¢(r) and V(r +
2Aé,) = V(;;(r), and for y-direction similarly, but the vector n directs always outwards of [J4.

We may choose the constant d freely, so we set d = a. Then, the value of the chemical potential y may
be estimated for an isolated pair vortex—anti-vortex at the distance of lattice spacing a. We may place the
vortex into a centre of an arbitrary square of lattice points and the anti-vortex into the centre of a square
next to it. In case we place the vortex to (—3,0) and the anti-vortex to (§,0), then the chemical potential
is given by

2y = JZ{ +——e(0k791)

(kl)

The precise valueﬂ of © may be calculated numerically by taking the sum over the nearby lattice points and

3The increase of the free energy due to a free vortex on a realistic lattice is huge, as 3 > 1.
4The drawback of this calculation is that on a real discrete lattice we should solve instead of the Laplace equation A0 = 0
(which assumed harmonic approximation) an array of (anharmonic) equations 3% = % > (ki) e'(0r —6;) =0.
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approximating the rest by an integral. The phase configuration is
a . a .
0= arg|(z+ 5) +is] —arg[(z - 5) +is].
1 (z+9)° 492 1. (z-2)°+¢?

=—-1 ~1
2n a +2n a

and corresponding term needed in integral is [V6]* = [V0]2 ~ ‘;—z to the second order in the vortex distance
a. Therefore, the energy of a vortex—anti-vortex pair may be calculated as follows
o0 2

.o 1= J a
2u=J Z [J+zlj_e(9k_el)]+2/l% 27r7“drr—4.
(kD)

[kl v <R

The estimated value for j =1 is p = 3.311 J.

2.1.4 Independence of spin waves and vortices

The continuously differentiable (smooth) spin-wave solution v is not a point of our study. We have to show
that it is possible to study the vortex solution apart from spin waves — i.e. that the vortex solution and the
spin-wave solution are independent, which means that the cross-term in energy vanishes:

d%w-w:/u A% Vi - Ve = a2r [v(&v&)-mﬁﬂ+Z/B(r‘€)d2rw-v&,

"

Oa DA\Uq‘,B(rivs)

- ngA din- (gB w?) -3 lViE(ri) : ng(w) dl én

i

Vi (r;) / d%r Vo| =0.
B(ri,e)

All terms are zero:
e the first term: due to the periodic boundary conditions,

e the first sum is zero, because each integral is zero,

7{ dl ¢n
OB(r;,e)

e the second sum is zero, because each integral is zero,

/ d?r V(Z) / d?r ti;i
B(r;,e) B(r;,e)

2.1.5 2D electrostatics

e—07T

g% dl (In=+6;) =2 0.
OB(r;,e) d

<

€ 2mrdr .o+t
+al | =
0 7’.

We will assume a configuration with dilute bound vortex—anti-vortex pairs. A dipole moment p of a vortex
configuration is, as usual, p = [ p(r) d’r = > ¢- The energy of the configuration described by ¢(r) is

HOZWJZ%@-H«LZQ%

Now imagine that we add a new pair (the vortex into r; and the anti-vortex into r_) into this configuration
far away from each present vortex or anti-vortex. The dipole moment of the pair is p = ry —r_J°| The energy
of this new configuration will be

H:H0—|—2M+27TJ111§+27TJ [¢(r+)—¢(r_) :Ho—&—Q,u—l—27rJln§—27TJE-p7

where E = —V¢ is the analogue to the electric intensity.

5In our case, |p| is the length of the pair.
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The polarizability a(p) of a pair (in rotationally invariant systems) with dipole moment p is defined

27 2 JEpcos?d
d?¥ cosd SMoZpCost 2
a(p) = lim M = lim pfo sy b L = /b . (2.13)
ESo+ E E—0+ Efo% a9 exp 27FJE71300519 T

Note that o depends on the length p of the dipole.
If the concentration of pairs (number of pairs per area) is n, then the polarization density is P = n (p)

and the susceptibility is x = 27J lim+§. Since the polarizability depends on the length of the dipole, we
E—0

should write more correctly for uniformly small E

oo

P [ apn) o) = 517 [ W) E. (214)

where n(p) is the density of concentration of pairs with dipole moment pE| Combining with Eq.(2.13) we

obtain
1

3] x(p) = a(p) n(p). (2.15)

For the intensity along the z axis E = (F,0) the induced vortex density from pairs with fixed 2-component
of the dipole moment p is equal to

iy, (4 d) Ipy +np, (2) Ipe _8sz
p(pa) = e =L,

see Fig[2.14] For an arbitrary intensity E and integrated over all p, we get ping = —V - P.

dx

Figure 2.4: Visual help for deriving the formula for the induced vortex density.

The Poisson equation for the harmonic conjugate configuration Eq.(2.10|) should be rewritten, if we take
into account the polarization, as

Ap=—2n(p—V-P), or V-(E+27P)=V.(cE)=2mp. (2.16)

2.2 KT equations

The dielectric function can be expressed using relations Eq.(2.14]) and Eq.(2.15) as
e=1+ 27r/dp a(p) n(p), (2.17)
where we have to be careful about the integration area. Namely, the dielectric function at small distances will

not be affected by the pairs with a large dipole moment. More correctly, we have to introduce the dielectric
function as a function of distancd’]

e(r)y=1+42n /T dp a(p) n(p). (2.18)

SThus n(p) dp is the concentration of pairs with dipole moment from interval [p,p + dp].
"The equation for the dielectric function &(r) is clearly not precise, because the upper boundary of the integral is only of the
same order like 7, it does not have to be exactly .
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The density of concentration n(p) of pairs with the dipole moment p on a lattice N x N with spacing a is

1 2
T e, (219)

n(p) dp =

where V(p) is the energy of the pair at distance p.
The energy of a vortex—anti-vortex pair in an empty (concerning other vortices) lattice is V(r) = 2u +
2mJIn Z. The energy of a pair in a polarisable (containing other vortices) medium is

V(r) =2u+ 27TJ/T dr (2.20)
- o re(r)’ '
where %(i,) is the force between the vortex and the anti-vortex in polarisable medium.
Altogether, we have a system of 2 integral equations
43 g [T, s _veh Todr
e(r)=1+ AT /a dr’ > e T, V(r)=2u+ 27rJ/a T (2.21)
We will continue rewriting the above system following the [5]. We define
K J
e(r) = W(;), where Ky = T (2.22)
r T K(r') dr’
U(r) In— = —_— 2.23
mi=[ e (22)
rN\2—7mU(r) i
y(r) = yo (7) ) where yg = e T. (2.24)
a
Then it is possible to write the system in the form
20y _ 2 f)4_2”U(7') [ 43/Td7"/ 2.1 2.9
) =4t (- N it R A=A Q! (2:25)
or in the differential form
dK~*(r) y*(r) dy(r) _2—-7K(r)
— 473 - 2.26
d’f‘ 7T r ? dT r y(T)v ( )
or, using the substitution s =In 7,
dK~1(s) dy(s)
Rl T Ay VS B PSS =2-7K 2.2
D oart ), B oK) 0) (227)
with initial conditions 7
K(s:O):K():T, yls=0)=yo=e"T. (2.28)
The last form of the system of equations reveals that it has a fixed point for K = %7 y = 0. We see that
K is non-increasing function. Therefore if K(sg) = 2 —r and 7 > 0 for any so, then y(s) will grow faster

then exponentially with s for s > s, and K(co) = 0; K “=5° 0 means that the force between a vortex and
an anti-vortex at large distance vanishes; thus the vortices may become free. On the other hand, K(c0) > 0
means that the force between a vortex and an anti-vortex does not vanish even at large distances, thus the
vortices are then (tightly) bound. Thus, the KT equations predict an universal jump % of K. The 2 basic
types of solutions of equations Eq. and the critical solution are shown in Fig
In the neighbourhood of the fixed point, we may find asymptotic solution. If K(s) = 2 + z(s) and
s 71'2

z(s0) < % then K—! ~ 5 — "z and we get equations

2 = —16my?, y = —mzy. (2.29)

We make ansatz z = A s®, y = B s°. The obtained asymptotic solution is

K(s)=2+1:2[1+1], y= 1. (2.30)

T mSs T 2s
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AN

] s
0 1 0 25

0

Figure 2.5: Numerical solution of the system of differential equations Eq.(2:27) with initial conditions K(s = 0) =
Ko =% and y(s = 0) = yo = e /T = e7rK0/J (gee Eq.); the value of the chemical potential was taken for
j = 1, namely p = 3.311 J; the lines (a), (b) and (c) correspond to Ko = % + 0.23942, Ko = % + 0.25942 and
Ko = % +0.27942, respectively. Left: The numerical solution in the plane K, y; the arrow displays the evolution with

the increasing s. Right: The numerical solution K as a function of s.

2.3 The KT nematic-paramagnetic phase transition

In the previous section we stated that half-vortices may unbind only at the transition between the nematic
and the paramagnetic phase, because in the nematic phase the domain walls (which are stretched between
the unbinding half-vortex and anti-half-vortex) are already present and therefore do not cost any additional
free energy. As will be shown, the total energy of a free half-vortex is quarter of the total energy of a free
vortex. That gives us argument why not to take the vortices at the nematic-paramagnetic phase transition
into account ]

Therefore, we may assume that the KT phase transition occurs due to half-vortex unbinding. We revise
the previous section in order to derive the KT equations for half-vortex pair unbinding. The changes are
following:

e The ansatz for vortex configurations Eq.(2.6)) remains, but possible charges for half-vortices (see Figl2.6)
are q = :I:%ﬂ The vortex density, the phase field and the harmonic conjugate have the same form. The
Poisson equation Eq.(2.10) remains without changes, too.

e The energy of a free half-vortex is approximately

J
Hvortex - ngound ~ 5 d27" (v¢)2 ~

nl [t w) A
Oa\B(0,a’) 4 o T 4

n— (2.31)
which is 4-times less than the energy of a vortex. That explains why it is possible to neglect the effect

of vortices at the phase transition between the nematic and the paramagnetic phase.

e Since the conjugate field does not change its form, the energy of a vortex solution will not change, too.
The chemical potential 1 does depend explicitly on j, as it was in the previous section. The proof of
the independence of half-vortex solution on spinwaves might follow the proof of independence of vortex
solution on spinwaves from the previous section.

e In the 2D electrostatics is the magnitude of dipole moment of a half-vortex—anti-half-vortex pair |p|
half of the length of the pair. The energy of a dipole pair in the vortex configuration —27J E-p remains
valid. The polarizability as a function of distance r will be multiplied with the factor 1

1
nJr?
AT
8The argument is the same as why is in the usual XY model the effect of the double-vortices negligible; where a double-vortex
has vorticity +4m.

9For smoothness of the half-vortex solution out of their centers r; it is needed that the phase difference 7 is irrelevant in the
Hamiltonian. This is true in the nematic phase.

ar) = (2.32)
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Figure 2.6: Examples of a single half-vortex (left) and an anti-half-vortex (right) for j > 0; in the model with 5 = 0
is the orientation of spins random.

The concentration n(r) dr as a function of distance remains the same. The KT equations are

w3 J (" 3 _ VG poowd [T dr’
5(7’) =1 —+ afl_T/a dr’ 7'/ e T, V(‘T’) = 5 —+ 7 i - g(’r‘/) . (233)
We define
K J
e(r) = F(;), where Ky = T (2.34)
r "K(r') dr
Ur)ml= [ 24 2.35
Mmi=[ =5 (2.35)
(r)= (r)Q— = here yy = e~ 1T (2.36)
= — W = . .
Y Yo p ) Yo

and after the substitution s = In Z we obtain equations

dK~'(s) 3 2 dy(s) m
o), Y o TR (), (237)
with initial conditions ;
K(s=0)= Ky = y(s = 0) = yo = e~ 7T, (2.38)

o If we analyze the system of equations Eq. 1} we see that the universal jump is in this case %. From
the analysis near the fixed point we get the asymptotic solution

K(s)= 2 {1 + %] . (2.39)

2.4 Renormalization of J due to anharmonicity

The low-temperature harmonic approximation of the Hamiltonian Eq. is

J
Ho =7 %(ek —6,)% (2.40)
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With gradient q of externally imposed global twist in the limit ¢ = |q| — 0 we study the effects of long waves
that are responsible for the long-range disorder. The extended low-temperature harmonic approximation of
Hamiltonian is the

J 1
Ho(q) = 3 Z(ak — 0 +q-TR)’ = §JN2a2q2 + Ho, (2.41)
(k1)

where the mixed term is zero because of periodic boundary conditions of the configuration 6:

JZ(Gk—Hl)q-rkl:quaZ Z (Gk—91)+qua Z Z(Gk—Gl)zo

(kl) rows columns columns rows

0 0

The free energy of the harmonic approximation is
:len/DQe = Ro(0) + L 7n2g2 (2.42)

The extended (original, anharmonic) Hamiltonian is

H(q) = Z[(Jl + J2) — Jicos(Oy — 6, +q-rg) — Jacos2(0k — 0 +q -1y (2.43)
(l)

The free energy to the 1°° order in (H — Hy)/T is then

H(q) — H,
F = —Tln/D9 eI = —Tln/DHe oot ( — (q)T0<q)> = Fo(q) + (H(q) — Ho(q)),, (2.44)
where (X), is the thermal average of the quantity X according to HOE

[ DO X(0) e~

- (2.45)
[ Dle T

<X>0 =

Applying the equipartition theorem on the extended Hamiltonian approximation Eq.(2.41)) we easily
obtain?]

N2T N2T 1
(Holg=—5—  and  (Ho(g))y= ——+ 5JNZ’cﬂq?. (2.46)
We need to derive the relation for (H(q)),,
(H(q))y = Z[(Jl + Jo) — Ji (cos(0 — 61)), cos(q-rr) — Ja (cos2(0, — 6;)), cos(2q - ri)], (2.47)

(kL)

where the terms (sin(0 — 60;)),, resp. (sin2(0 — 6;)), are trivially 0 from the symmetry of bond energy
e. From the spin-wave low-temperature theory we get (cos(6 — 6;)), = 1 — 75 to the 1%* order in 7', and
(cos2(f — 6;)), = 1 — L. Inserting these relations into the last formula and using Jy +4J; = J, and Jy = jJ
we obtain

N2T 1 o o,[ 4-3iT
(H(q))y = 5 +§JN a“q” |1 — 7 (2.48)
Inserting Eq.(2.46) and Eq.(2.48) into Eq.(2.44)) and reorganizing we get
1 4-35T
F(q) = F(0) + 5Jz\f?a?q2 (1 - J J) : (2.49)

Analogical to the mechanical modulus in the mechanics of of continuum we may define the helicity modulus
T of a square lattice with n = N2 sites and lattice constant a as
1 0°F
- N2a2 9¢?

(2.50)

10The concept is that the solution 6 satisfies periodic boundary conditions, but the externally imposed global twist q appears
in the Hamiltonian.

1 Note, that the thermal average of X according to Ho(q) is the same as (X)o-

121t is also possible to verify the result within the spin-wave theory.
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where F' is the free energy of the lattice and ¢ = |q| is the magnitude of gradient q of externally imposed
global twist [6].
The interpretation of the formula is that the coupling constant J is effectively renormalized in the presence

of long-wave spin waves as follows,
33\ T
J=J=J1-(1-—=]=]. 2.51
o= (7)) a1

Thus the Hamiltonian for continuous model Eq.(|1.6)) is in the presence of spin waves effectively equal to
J 9 9
H — ngound = E d“r [V&(I‘)] (252)

and that is the Hamiltonian for which we have to derive the KT equations.

2.5 Renormalization of J due to vortex unbinding

According to [7], the helicity modulus T defined in Eq.(2.50) is identical with the K(r — oo) defined in

Eq.(2.22),
Y(5,T)=K(j,T,r — 0). (2.53)

Thus, we have 2 sources of J renormalization. Since the KT theory is harmonic, it is reasonable to
renormalize the coupling J first due to the anharmonicity and then to use the renormalised J’ as an input
for the KT theory. Thus, the KT renormalization due to the vortex—anti-vortex pair unbindin@ involves
solving the KT equations Eq. with initial conditions

y(s=0)=yo=e T, (2.54)

where the p’ is the chemical potential computed with the the renormalized J’. However, for 7 # 0,1
it remains unclear how to compute the contribution of the nearest neighbourhood since we do not know
from the renormalization due to anharmonicity how is renormalized the Ji-interaction and Js-interaction
separately.

We have compared the twice renormalized J, firstly due to anharmonicity and secondly due to vortex—
anti-vortex pair unbinding, for j = 1 with the T obtained from a Monte Carlo simulation; see Fig[2.7]

1.0 7=
0.9 1
0.8 1

0.7 1 +— Theoretical prediction
06 - +  Numerical exp.

— 2T/Pi

059 | ——uT/4

0.4 1

Helicity modulus [J]

0.3 4
0.2
0.1 4

0.0 T T T T .
0.0 02 0.4 06 08 1.0 TH] 1.2

Figure 2.7: Comparison of the twice renormalized J as a function of T' (called Theoretical prediction), i.e. K(j =
1,T,r ~ 250 > 1), and the T resulting from numerical experiments to be described later (on a lattice with linear
size N = 256); for j = 1. The line ¥ shows the predicted universal jump of helicity. The dotted line J — % is the
renormalized J' due to anharmonicity.

13For half-vortex—anti-half-vortex pair unbinding similarly, only using the equations Eq.(2.37) and initial conditions Eq.(?2.38).
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Chapter 3

Monte Carlo simulation

The system of our interest is the lattice of N x N spins at a defined temperature. The probability distribution
E(0)

is given by the Boltzman distribution p() = %e T . An ideal algorithm that would compute averages of
physical quantity x of the lattice at defined temperature should construct all possible states 6 of the lattice,
measure the quantity z(f) and compute average (z) = >, p(0)x(#). For most systems — and our lattice is
no exception — this straightforward method is not executable, because the number of all states is huge or
infinite.

A solution may be an randomized (Monte Carlo, shortly MC) algorithm that would construct randomly
chosen configurations from the space of all possible states with relative probabilities in consensus with the
Boltzman distribution, which means p—‘b’ — T for any 2 states a and b. I will prove that an algorithm
producing a chain of configurations with following properties will in limit of infinite number of steps generate
states with appropriate relative probabilies:

e The algorithm generates next configuration randomly from the current state.
e The algorithm is ergodic, i.e. can reach any of all possible states of the physical system.

e The algorithm satisfies condition

Ep—Eq

plb—a)=ec— T pla—b), Ya,b, (3.1)
where p(a — b) is the probability of generating configuration b from a in a single step.

Proof follows [8]: The space of all possible configurations € is in practice always ﬁniteE I choose two
arbitrary states a and b. Since the algorithm is ergodic, there must exist sequences S[k| of states a = Cy —
Cy — Cy — ... — C =0 for that p(C; — Ci11) >0fori=0,1,....k — 1E| We choose the shortest sequence.
If there are more sequences of the smallest length, then we choose arbitrarily any of them. We denote the
energy differences, AE; = E;, — E;,_;. The ratio @}, of probability of changing state b into a according to
the chosen sequence, and the probability of the reverse process is then

, _psw(b—a) TIp(Cr = Ciot) _ 7720k = Ciot) _ T o (LB _ o (Eo = Ea
Qba = )_H( )_1:[ p(T>_ p( T >

psix(a — b) B [[1 p(Cho1 — Cy, =1 P Crh-1— Ci i=1

The ratio @}, does not depend on the chosen sequence S[k]. Therefore the ratio Qp, = Z :Ef;f;g of probability

of changing state b into a in an arbitrary sequence of length %k, and the probability of the reverse process is
By—Baq
the same, e b
Now, consider a large ensemble of systems. Let n, be the number of systems of the ensemble in the state

a. The net number of systems moving in k steps from the state a to b is

(k) By—Bq
naﬁb:napk(ag’b)fnbpk(b*)a): Ng —Npe T }pk(aﬂb) (3.2)

LAlso our lattice of N x N spins is in the computer realization finite space.
2The condition Eq. ll quarantees for such a sequence S[k] that there is a non-zero probability of the reverse process.
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E, —

We see that for the arbitrarily chosen states a and b, if Z—‘; < e~ T, on the average more systems move from
state b to a. Thus the ensemble of systems must approach the canonical distribution. O

In reality, the program does not generate every state. The convergence of the averages is also delicate.
Usually, the simulation runs from an initial state that might be quite improbable. The time (number of
necessary steps) to get into the highly probable configurations is called thermalization time and the measure-
ments during this time are not included in the calculation of averages. We determine the thermalization time
by measuring all interested quantities and by inspecting whether they are stabilized or not. There is another
complication called ergodicity breaking, when there are more regions with highly probable states separate(ﬂ
by regions with highly improbable states.

3.1 The Metropolis algorithm

The Metropolis algorithm [8] is a randomized algorithm that enables the simulation of thermal equilibrium
of our lattice. Each step consists of

1. Choosing randomly one site k of the lattice.

2. Choosing randomly an angle « € [0, 7).

3. Calculating the energy difference AE = E* — E, where E denotes the actual energy and E* stands for
a configuration, in which the spin at site k is flipped around an axis defined by the angle aEI

4. If AE < 0, then we accept the new configuration. Otherwise, we accept it with probability exp(—%) <
1.

It is obvious that our algorithm is ergodic and that new configurations are generated randomly. We show
that for the probability of changing state b into a in a single step and for the backwards process the condition

Eq. holdSE|

p(b—a)  P(k,a) exp(—LE2EE) _[H(AE)+ H(-AE)AE\ _ E, — E,
pla—=b) Pk «) exp(—%) - ( T ) - ( T ) 7

where P(k, «) is the probability of choosing the site k and the angle o, and H(z) is the Heaviside functionﬂ
The length of the thermalization period depends on the lattice size, temperature T', coupling parameter
j, as well as on the initial configuration. It is strongly recommended to thermalize gradually, otherwise it
is much more probable that metastable configurations appear — the reason for that is that Metropolis’ steps
act only locally — the Metropolis algorithm is applicable also to the study of locally stable configurations.

3.2 The Wolff algorithm

The Wolff algorithm [9] flips whole clusters of spins. Its main benefits are quicker thermalization and shorter
autocorrelation times. The random step scheme consists of these phases

—_

. Choosing randomly one site k of the lattice, we will call it the seed.

2. Choosing randomly an angle « € [0, 7).

3. Flipping the spin at the site k of the lattice around the axis «, that means 0; = 2o — 0.
4

. Flip each unflipped neighbour i of the site k with probability P(k,%) and repeat this procedure for the
site 4.

3Separated in terms of the algorithm step, i.e. the program cannot change configuration from one region with probable states
into configuration of the another region with probable states directly, only “crossing” improbable regions. An example might be
the Ising model simulated by Metropolis algorithm (see Sec at low temperatures. There are 2 highly probable states (all
spins up or down). The probability of flipping all spins by the algorithm is effectively zero. Thus the ergodicity is broken.

4The angle of the flipped spin is then 07 = 2a — 0;. Note that the energy difference may arise only from changes of bond
energies between the spin k and its neigbours.

5For configurations that differ in more than one spin it is trivial.

6The Heaviside function is defined by the formula H(z) = H_%n(x).
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The set of all flipped spins in a single step is called cluster. The probability of flipping a neighbour i of site

kis d@—ﬂa;d%—&q}, (3.3)

P(k,i)=1-— min{l,exp {

where e(0; — ;) is the energy of a single bond between spins k and [ defined in Eq.[]

It is again obvious that the algorithm is ergodic and that it generates new configurations randomly. We
have to prove that for any two configurations a and b the equation p(b — a) = et p(a — b) is valid. We
will do it in following 3 steps:

e First of all, we realize that the probability of choosing certain angle « is the same for the forward as
for the backward process. The probability of choosing a particular seed is ﬁ

e Secondly, we show that the ratio of the probability of flipping a certain cluster S that has grown from
a particular seed site in an exactly defined way (r) around defined axis and probability of the reverse
proces is exp £ _TE where E — E* stands for minus energy difference of the configurations; E stands

for the original energy of a and E* is the energy of the state b with flipped cluster S.

We need to analyze the process of increasing the cluster. A spin may be added to the cluster visiting
from 4 neighbours. We can not exclude that it will be added to the cluster after some unsuccessful
attempts from other sides. We will assume that the algorithm is deterministic concerning the rules of
visiting the neighbours. That quarantees that for growing the cluster in a defined way, we need to ask
for the same probabilities P(k,7). The probability of flipping a neighbour ¢ of a flipped spin & in the

forward process is
ek — 92) — 6(9;: — 01)
T .

Pjory(k,i) =1 —min {1,exp e( (3.4)

In the reverse process, the probability of flipping a neighbour i € S (i.e. from the cluster, flipped in
forward process) of a spin k in the cluster (allready twice flipped) is

O — 07) — e(0r — 67)
7 :

Prey(k,i) =1 — min {l,exp el (3.5)
Since 6} —6f = 0, — 0y, and (0;)* = ), and e(0; —0;) = e(6; — 01), we see that the probabilities Eq.(3.4)
and Eq.(3.5) are the same.

The situation changes, when we look at the probability not to flip in the reverse process a neighbour 4
outside of the cluster (visiting from a already twice flipped spin inside of S)

1= P.ey(k,i) = min {Lexp e(0; — %) ; (0 = 0:) } . (3.6)

Altogether, we may write for the ratio of probabilities of flipping and deflipping the cluster S that has
grown in the same way (r)

r . . e(0p—07)—e(0x—067)
P00 T nesaes L= Proru(k,i)] min {1, exp im0 e0mti |
e(‘gz_‘gi)_e(ek—ei)} ’
T

p’E‘QL} B H{ki),kGS,i%S [1 - P”'e"’(k’i)] B (ki),k€S,i¢S min {1,eXp

E*—F
T )

H e(@k — 91) — e(é)k — 9:)

e = —

| | Xp T exp {
(ki),k€S,i¢S

because the term e(0; — 0;) — e(6, — 67) is the minus energy change in bond between sites ¢ and &k and

the energy of the configuration with flipped cluster S differs only in the bonds between spins inside of

the cluster and spins outside of it. O

"Note that the bond energy e is a symmetric function; it is important for appropriate functionality of this implementation of
Wolf’s algorithm.

8The reverse process does mean that the seed site is the same, the axis is the same and the way (r) of growing of the cluster
is the same. The only difference is that we are flipping the state b instead of a.
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e Lastly, we show that the ratio of probability of flipping certain cluster S in any possible way around
defined axis and probability of the reverse process is exp £ _TE . Because the ratio of flipping a cluster
and deflipping the same cluster in the same way does not depend on the details of the growth of the

cluster, we can formally write

(r) E*—E "
Drev _ Zr p7(“2)v _ Zr pft;rw Xp — 7 — exp E*—-FE
Pforw Zr pg’i))rw Zr pg"ro)rw T

where the sum is over all possible ways (r) of growth of the specified cluster S. O

An important difference between the Metropolis and the Wolff algorithm apart from time-efficiency is
also the more variable step of the Wolff algorithm, which minimizes the possibility of ergodicity breaking.

3.3 Autocorrelation time and error of the mean

For each measurable quantity = we have a sequence {z;}, of measured values and we may define the
autocorrelation function

M—1
1
Ry (1) = r=ns2 ; Tiitr — (M = 7)) vy (Eprg1ng | 5 (3.7)

where 7 € ZJ and 7 < M. The denominator in the front ensures that |R,(7)| < 1, since s, is the sample
standard deviaton of the measurements of x,

1 M
2
Si = M ;%2 - <17>[1,M] :

The notation (:c)[i il stands for the mean value of a sequence of measurements of = starting with index ¢ and
ending with j. If we denote A; = x; — (x)(; 3y, and A} = z; — (x)(, 1 5y, then we obtain

1 M-
Ry(7) = ar = > AALL

i=1

Even for 2 ~ 100 is the difference between (@)1,p—7) and (z); 5z important and cannot be neglected.

We assume that the autocorrelation function is R, (7) = e~7/7; a real example of autocorrelation function

is shown in the figure Fig[3.1] Then the average of the autocorrelation for all pairs of measured points is
M-1 M
2 2T
el — R,(j—i) ~ =,
P= MM - 1) 2 2 Reli=i)~ 5y
1=1 j=i+1

where we considered T < M. According to [I0], the standard deviation of the mean (x) = <;z:>[1 M) 18

s =\ it s /B SxH

3.4 Measured observables

In our simulation we compute after every @) random stepsIE these quantities

9 Another simple argument might be following: 2 measurements with autocorrelation R; = 0.1 might be considered as
almost independent. The number of effectively independent measurements is then roughly %, where 7, is the time for that

Ry (72) = 0.1. Then, the standard error of the mean (z) is approximately sy = 4/ 3% sa.

10The value of Q is set appropriate to the autocorrelation times of the measured quantities.
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Figure 3.1: Plot of autocorrelation function R,,(7) for the parameter m (see Sec3.4). The data was obtained on
the lattice 256 x 256 at temperature T = 0.0442 J with 250 MC steps between each measurement. The numerical
experiment was performed by the Wolff algorithm.

o Energy, ’derivative’ of energy and ’second derivative’ of energy:

E= —JZ [j cos(0rx — 0;) + jocos2(0, — 6],

(k)

E(l) = JZ [_] sin(@k - 91) + 2j2 sin Q(Qk — 91)] s

(k)

E® = JZ [7cos(0r — ;) + 4j2 cos 2(0, — 6)],

(k)

e Magnetization in direction x and y:

M, = Zcos@k,
k

and M, = Z sin 0y,
k

e ’Nematic magnetization’ in direction x and y:

N, = Z cos 20y,
k

and Ny = Z sin 26,
k

respectively.

respectively.

respectively.

(3.11)

(3.12)

e Vorticity V: the total number of vortices with positive charge per spin. Vortex detection is performed
at each plaquette — an elementary square with 4 corner lattice sites — counting the angle differences in
a defined way (anti-clockwise) around the square [I1]. The angle differences have to lie within (—m, 7].
The possible results of the sum of differences are 0 or £2m; the result 427 is interpreted as a vortex,
or an anti-vortex in the plaquette. The vorticity of a bigger area is simply the sum of the vorticities
of its plaquettes. Since the whole lattice has periodic boundary conditions, we can conclude that the
number of negative vortices must be the same as the number of the positive vortices. See Fig[3.2]

o Half-vorticity Vi the total number of half-vortices with positive charge per spin. A half-vortex is for
j = 0 analogue of the vortex for j = 1. It is detected using the same technique as vortex, the only
difference is that we sum angle differences of unoriented lines instead of oriented ’arrows’ﬂ Making
use of the argument about similarity (see Sec it can be easily shown that the average vorticity
for 7 = 1 at temperature 7" is the same as the half-vorticity for j = 0 at temperature %. See Fig

e Walls W: the total number of walls between pairs of spins per spin. We say that between a neighbouring
pair of spins k, I there is a wall, if |0 — 6;| > arccos j]Tv because the force between the spins acts then

in the direction to make them opposite to each other[?] See Fig[3.2|

us

1 The angle differences have to lie within (-3,

as a half-vortex with positive, or negative charge.

12For j > 0.5 there cannot exist any wall.

2

™
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]. The sum around a plaquette is then 0 or 7. The result 4 is interpreted



e Order parameter m: The program tries to colorize the spins with 2 colors, so that any 2 neighbouring
spins have the same color if and only if there is no wall between them. If a configuration of spins can
be uniformly colorized, then the parameter m is defined m = ‘NlN;;Vz‘? where N1, N> are the numbers

of spins colorized with the first, and the second color. See Fig[3.2
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Figure 3.2: Left: Example of vortices identification; vortices are displayed as circles and anti-vortices as squares. In
the middle: Example of half-vortices identification; half-vortices are represented by circles and anti-half-vortices by
squares. Right: A colorized configuration; the walls are in the picture presented as lines between spins.

3.5 Specific heat

The specific heat (referred to also as heat capacity) of a N x N square lattice is

1 O(E)
_ . 1
¢= 23 a7 (3.13)
A straightforward way to determine c is to measure precisely (E(T)) and (E(T + AT)) and to estimate
o(T+ SAT) ~ 2= [(E(T + AT)) — (E(T))]. Another possible method is to measure the square of the energy
fluctuations, because
(B) - (5"

_LoE _ 10
“TN2OT T NZOT

1 o E:/T
7200 ;Eze

where <E2> — <E>2 is the square of the standard deviation of energy. The comparison of the evaluated specific
heat calculated from differences of energy and from fluctuations of energy is shown in the figure Fig[3.3]

If we want to compare the graphs of specific heat for various j, it is reasonable to normalize the specific
heat, so that

/ dT C(T) = 1.
0
The normalized specific heat C' is then

or) o(T) __ A 2(T) (3.15)
Jo5dT «(T")  Eopin(T — 00) = Egpin(T — 0)  04+2J(j +j2)  J(1+35) '

o(T) =

3.6 Helicity modulus
The helicity modulus T was defined in Sec see Eq.(2.50), as

1 0°F
C N2a? 0¢% |,
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Figure 3.3: The comparison of the evaluated specific heat calculated from differences of energy and from fluctuations
of energy. Computed for j = 0.06 and the lattice size N = 128.

where F' is the free energy of the lattice and g = |q| is the magnitude of gradient q of externally imposed
global twist [6]. The canonical partition function of a lattice without externally imposed global twist is

= /DG exp [W (3.16)

)

where Afy; is a short denotation for 6 — ;. The canonical partition function for q # 0 expanded to the ond

order of ¢ is

Z(q) = /D9 exp [_Z(kl) e(AQJle +Q'I'kl)] 7

Af "(A6 Le(AG . 2
7/@9 exp 726( ki) + €' (AOk) q - v + 5" (AOk)(q - Trr)

T
—1 1
_ZO<6XPT 2(kl)e( | ) > ,
0
1

> (A0) q T+ 5 > e (A (q - Tr)
(k)
1 "(AG 1 "(AG !
- DA a - T — 5 S (A0} (1) + 5
(kl) (kl)
where ry; = rp — r; is the vector connecting the nearest neighbours. Now, we can use the symmetry of the
bond energy e(A) = e(—A) = €/(A) = —e/(—A), therefore (¢/(Afk)), = 0. Free energy to the 2"¢ order in

(kD)

2

(kl) >0

=7 Z ¢'(A0r) q - i

q is then
2
2
_ q e 2 q /
F( )——TIHZ( ?Z Aﬁkl n~rkl) _2T< ZG(AGM)H-I‘M > y (317)
(k1) (k1) 0
where n is the unit vector in the direction q defined by q = gn. If we choose n = %(17 1) then the helicity

modulus equals
(3.18)

(B@2),

1 1
ngg«Em>_
2N?2 2N2T
where EMV and E@ are defined in Secl3.4l
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3.7 Susceptibilities

If M is an extensive quantity and B is field conjugate to M, then the field M contributes to the energy with
the term —M B. The partition sum is therefore

Z(B) =Y e (3.19)
n
and the average M is
1 _ Ep—MpB
(M(B)) = 2B > Mem T (3.20)
The susceptibility is
_ 1 o{M) _ 1 2 2

X=77 5|, = T (M) mm0 — Moo (3.21)

where (X) 5_, stands for the average value of the quantity X for B = 0. The susceptibility corresponding to
magnetization M, is then xi ,, and for M, it is x1,. We calculate the magnetic susceptibility aﬂ

X1,z + X1, 1 9 9
p= AR i () (M) — (M) — (7] (322
The nematic susceptibility is then similarly
1
X2 = gy (N2 + (N3) = (V) = (V)] (3.23)

In the magnetic phase, both — the magnetic and the nematic — susceptibilities diverges with N — oo.
In the paramagnetic phase are both susceptibilities extremely local, and thus insensitive to the finite-size
scaling@ In the nematic phase is due to the loss of spin-orientation order the magnetic susceptibility local
and thus independent on N. Surely, the nematic susceptibility diverges with N — oo in the nematic phase.
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Figure 3.4: Left: Typical histogram of susceptibility in the ordered phase concerning the specific susceptibility; namely
it is histogram for x5 computed for N = 64, and j = 0.02, at T = 0.1 J. Right: Typical histogram of susceptibility
in the disordered phase concerning the specific suscetibility; it is the histogram for x7 computed for N = 64, and
j=0.02,at T=0.1J.

3.8 Identification of the KT phase transition

According to [12], the theoretical helicity modulus Y% (7') of a lattice N x N at temperature 7' — T, in the

limit for large N is
1 1

13The terms <Mw)2, and (My)27 may be neglected in the formula for the magnetic susceptibility, because the problem has
rotational symmetry — i.e. if we rotate each spin by a fixed angle «, then the energy (and thus also the probability of occurence)
will not change. I have checked that the terms (M,)?, and (M,)? are always of smaller order than the terms (M2), and <M§>

The magnetic susceptibility with neglected terms (Mz)2, and (M,)? is then X; = ﬁ <\M\2>

14The reason is following: the lattice N x N spins has n = N2 spins. Thus, in the disordered paramagnetic phase the magnitude
of the total magnetization |M| is proportional to y/n, where we have made use of random walk. Since the susceptibility is
X5 = ﬁ (|M|>27 it is clear that in the paramagnetic phase are both susceptibilities independent on n.
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where C' is a constant, T5 is the critical temperature of the KT phase transition and Y, (7') is the universal
jump of the helicity modulus in an infinite lattice. For the KT phase transition due to vortex unbinding is
the jump equal to %, and for the KT phase transition due to half-vortex unbinding it is %. The formula
Eq. follows the KT equations Eq.(2.27) (for half-vortex unbinding Eq.) analysed near the fixed
point, using the asymptotic solution Eq. (for half-vortices: Eq)E One possible way to determine
the transition temperature 75 is

1. to numerically compute Y n(T') for M different (large) N

2. fit the constant C' and find the minimum of
1 M 2
7= 3z 2 [0~ Y (D] (3.25)

where § will be referred to as the root-mean-square error of the fit; the values Yy (T) are results of
numerical experiments. With the scaling formula it is also possible to verify the value of the universal
jump when we do a fit with 2 fitting parameters: the constant C' and the universal jump T .

Another method is to use the finite-size scaling of the susceptibilities. Spin-wave low-temperature theoryE
T

predicts that the magnetic susceptibility y; is proportional to N2~ z=7, and nematic susceptibility ys is
proportional to N 2-%7 [11]. At the transition temperature the coupling constant J is due to renormalization
(see Sec effectively equal to the jump of the helicity modulus Y. Thus we obtain for the transition
temperature the finite-size scalings x; o< N7/, and yo o< N*/* for the KT phase transition due to vortex
unbinding. For the KT phase transition due to half-vortices we obtain ys oc N7/ 4 According to [13],
the drawback of these susceptibility scalings is that the ansatz is too simple — the helicity modulus T in a
finite lattice is larger than the universal jump at T (see the 15 order prediction is Eq.) — therefore this
method is less accurate.

15We may consider that by computing Y on a lattice N x N we compute K[In(cN)]. Then the constant C is Inc.

16The spin-wave low-temperature theory is calculated using the low-temperature harmonic Hamiltonian Eq..

17For the magnetic susceptibility we obtain x1 o< N31/16 but the finite-size scaling for the magnetic susceptibility is unusable
since the nematic phase is concerning the Ji-interaction already a high-temperature (disordered) phase.
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Chapter 4

Results of numerical experiments

The numerical results were obtained on square lattices N x N with periodic boundary conditions, mostly
using Wolff’s algorithm and for linear dimensions N = 32,64, 128,256 and 512. The results were compared
with the results obtained by the Metropolis algorithm on smaller lattices N = 32,64. Typically, a numerical
experiment follows these steps:

1. Creating an initial configuration. This can either be a random configuration, when cooling down from
high temperatures; or a frozen configuration, Vi : 8; = 0 when heating up from low temperatures.

2. Thermalization for a selected temperature. This includes Monte Carlo (MC) steps without measure-
ments counting into the averages. The number of necessary MC steps depends mostly on the lattice
size and the temperature stepﬂ We used overestimation of necessary MC steps for energy thermaliza-
tion. Typically, for convenient temperature steps ~ 0.05J and Wolft’s algorithm we used the following
numbers of MC steps: ~ 50000 for N < 128; ~ 100000 for N = 256; ~ 250000 for N = 512.

3. Measurements: in this step the program executes one measurement of the observed quantities after k
MC steps. We can regulate the (in)dependency of measured quantities with the number k — higher k
provides for lower values of autocorrelation function R,(7) (see section Sec[3.3) for measured quantity
x and therefore increases the number of effectively independent measurements of x.

4. Temperature change and back to step 2.

The number of measurements was usually 20000 — 40000 and on smaller lattices up to 100000 to provide
small error bars of intensive quantities; on the largest lattice 512 x 512, the number of measurements was
sometimes only 10000. The results obtained by heating the lattice from low temperatures (initial phase was
totally ordered) compared with the results obtained by cooling down from high temperatures (initial phase
disordered) are identical within the error bars when the temperature changes are at least one order smaller
than typical temperature difference on the temperature scale (e.g. the temperature region of a particular
phase) and the time for thermalization is sufficient.

4.1 Numerical results for j =1

For the XY model we know that at T = 0.89294(8) [14] there occurs a phase transition of the KT type. The
energy (and heat capacity) should be a C* function. The graphs of energies per spin for N = 32, 64,128, 256
are almost identical. A small difference is observable in the graph of the heat capacity, where the peak moves
with increasing N leftwards and drops slightly. At temperatures above T5 the vorticity grows rapidly. The
graphs of vorticity as a function of temperature are identical for various lattice sizes N, therefore I plot the
vorticity only for N = 64. The graph of the helicity modulus Y n(T') for various N reveals evidently the
tendency that Y (7T) is at the predicted transition temperature To steeper for larger N — see Fig

From the graph of the helicity modulus as a function of T it is possible to determine the temperature
point closest to T using the finite-size scaling (see Sec; in our case the lowest root-mean-square error ¢ is

1Since a Wolff’s MC step has impact on many spins, the number of necessary MC steps for the Metropolis algorithm is larger
of the order of the Wolff’s cluster area size.
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realized for To = 0.89 J; see Fig Another method to determine T5 is to find the intersection of yi/N7/4,
or the intersection of xo/N 4/4 for various N. Both intersections lie little above the known estimate of T,
at T ~ 0.905 J and at T~ 0.91 J, respectively; see Figlf.3] Results of all three scalings are consistent with
known results and thus we have a successful test of the methods and numerical computation itself.
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Figure 4.1: Graphs of the energy E(T), heat capacity ¢(T"), and vorticity V(T') for j = 1 and N = 64. Below there is
the plot of the helicity modulus Y x(7') and a detail of the specific heat peak for j =1 and N = 32,64, 128,256. In
the graph of the helicity modulus, there is also the line % showing the universal jump, and the line J — % displaying
the renormalization of J due to anharmonicity. The lines between the measured points are only guides for eyes — as
it is each time in this paper. The error bars are smaller than the symbols showing the measured values — as it is each
time in this paper unless the error bars are displayed.
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Figure 4.2: Detail of the graph of the helicity modulus Tn(T') for j = 1 and lattice sizes N = 32,64, 128,256. The
plot also includes the prediction of the universal jump and the root-mean-square error § of the 1-parametrical fit
(with fixed jump %) of the helicity modulus (see Sec .
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Figure 4.3: Graphs of the magnetic and nematic susceptibilities x1(7") and x2(T") for j = 1 and N = 32,64, 128, 256
in logarithmic scale vs. temperature. The lower pictures show the finite-size scaling of x1(T") and x2(T) to estimate
the phase-transition temperature for j = 1.

4.2 Numerical results for j =0
If we take into account the equation describing the averages of analogous functions Eq.(1.14), we obtain

following relations

[0)
o for energy (EI(T)) = 1 (EM(4T)), thus the specific heat is ¢l/(T) = a(g:T )

= cMum),
e for helicity modulus Y1(T) = Y (47),
o for susceptibility X[20] (T) = 4X[11] (47),

e for half-vorticity: mean half-vorticity Vg for j = 0 at temperature T is the same as mean vorticity V'
for j =1 at 47T.

Numerical results for energy E(T'), specific heat capacity ¢(T"), half-vorticity as a function of T, helicity
modulus T(7') and nematic susceptibility x2(7") are, according to the previous paragraph, identical within
the error bars with the results for j = 0.

The vortex identification is totally irrelevant, because the orientation of spins is random and an arbitrarily
small direction variance of the spins might cause a positive identification of a vortex at all temperatures. The
vorticity is almost constantly 17%. The magnetic susceptibility is the same for all inspected lattice sizes
(N = 32,64,128,256), approximately x1 & 55; see Figlt.4]

The KT phase transition temperature is To(j = 0) = Tz (j = 1)/4 = 0.223 J.

4.3 Numerical results for j = 0.02

The case j = 0.02 is our representant of sufficiently small j from the estimate in Sec[1.2.3] According to our
hypothesis, there should exist 3 phases and 2 phase transitions. We may consider the model with j = 0.02
as a small modification of the case j = 0; for better comparison we will use units J5 independent on j. The
graph of energy per spin for 5 = 0.02 compared with the graph of energy per spin for 5 = 0 suggests a phase

31



¢ j=0N=32
g8 o j=0;N=64
=) s j=O;N=128
T4 e < J=0;N=256
: . 112T)
-y
"'ﬂw,
-
R S
1 ‘ . . ; ‘ ‘ 0

0.000 0050 0100 0.150 0.200 0.250 0300 0.350 0.400

Figure 4.4: For j = 0, the magnetic susceptibilities x1,n5(T) are the same for N = 32,64, 128, 256; x1 ~ %

transition at 7'~ 0.05 J E] The graph of the magnetic susceptibility shows that below T" ~ 0.05 J there exists
a magnetic phase. The graphs of the nematic susceptibility and the half-vorticity show that above T' =~ 0.05.J
there exists a nematic phase (as for j = 0) up to 7o =~ 0.22 J. The comparison of graphs of the helicity
modulus, the energy and the nematic susceptibility for 7 = 0.02 and for j = 0 clearly reveal that the phase
transition at T» remained without changes.
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Figure 4.5: Comparison of energies per spin between j = 0.02 and j = 0 in units 4.J5 for lattice N = 64. Graph of
half-vorticity for 7 = 0.02, N = 64 as a funtion of temperature. The comparison of helicity modulus between j = 0.02
and j = 0 for N = 64 with displayed renormalization due to anharmonicity for j = 0.02 and with the universal
jump L. Graphs of the magnetic susceptibility x1,5(7) and the nematic susceptibility x2,n(T) for j = 0.02 and
N = 64,128,256, 512.

Representative conﬁgurationsﬁ] near the critical temperature 77 = 0.045 J show a pattern known from the

2The graph of energy per spin comparing the cases 5 = 0 and j = 0.02 is drawn in natural units 4.J3. The unit J is for j < 1
equivalent to J = %
3The configurations were selected in that way that their parameter m is approximately equal to the average (m) for the
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Ising model [I5] — see Fig
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Figure 4.6: Representative configurations for j = 0.02 and N = 64 when passing the Ising phase transition.

The upper phase transition at 75 ~ 0.22 J was investigated using the finite-size scaling of the helicity
modulus, and of the nematic susceptibility. The temperatures T»(j = 0.02) of the phase transition determined
from the helicity and the nematic susceptibility are consistent, Ty ~ 0.22.J; see Fig According to [12], the

particular temperature.
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finite-size scaling formula Eq. of the helicity modulus is in fact valid to extremely good approximation
down to small lattice sizes, in the model with j = 1 (and thus according to the similarity Sec also for
j = 0). Therefore we have computed the helicity modulus (with high accuracy +0.0001 J; the number of
measurements was 5000000) for lattice sizes n = 16, 20, 24, 28,32, 36, 40, 48 and done 2-parametrical fit of the

data for each inspected temperature point, see Fig The universal jump in the helicity modulus is %
with tolerance +6%.
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Figure 4.7: Left: Graph of the helicity modulus for j = 0.02 and N = 32,64, 128,256 vs. temperature in detail. The
figure includes the mean-square error § of the 1-parametrical fit of the helicity modulus and the universal jump %.

Right: Graph of the scaled nematic susceptibility X2/N7/4 to estimate the phase-transition temperature T5(j = 0.02).
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Figure 4.8: Graph of the universal jump and mean-root-square error of the 2-parametrical fit of the helicity modulus
Tn as a function of temperature, fitted for N = 16, 20, 24, 28, 32, 36, 40, 48; j = 0.02.

The autocorrelation times exploded at the lower critical temperature 77. The temperature with the largest
autocorrelation time drifts slightly to low temperatures, like the peak of the heat capacity. For the largest
investigated lattice with N = 512 the critical temperature was 77 = 0.0449 J.

The heat capacity at the potentially Ising-like transition at T~ 0.045J grows for larger lattices. The peak
is localised at the same temperature as the steepest increment of the walls; see Fig[f.9] The heat capacity of
the Ising model at the critical temperature should be approximately A+ BIn N, where A and B are constants
[16]. Therefore we also plotted the graph of the differential heat capacity cqig(T") = co.02(T) — co(T), where
¢ (T) is the heat capacity for j = x. The increments of the peaks for doubled N should be the same if
the transition would be Ising-like. The values do satisfy this criterion within the error bars. The critical
temperature 77 is estimated from the maximum of the heat capacity peak for the largest lattice with linear
size N = 512, T1 = 0.0449 J; see Fig[d.10]
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Figure 4.10: The differential heat capacity co.02(T") — co(T") for various lattice sizes N on a large scale and in detail
with error bars. The heat capacity co.02(T") is computed from fluctuations, the heat capacity co(7') is computed from
energy differences. The temperature scale is in units 4J2 = 0.98 Jo.o2.

I have also calculated the increase of entropy corresponding to the differential heat capacity

(4.1)

g /Tmax cain(T) dT _ /T ABawr 5~ Eain(Ti+1) — Bain(T3)
R T 0 T - (T +T0)/2

where T; are examined temperature points. For the lattice with linear size N = 128 with an upper cut off
at Tax = 0.30 J and about 60 (non-uniformly distributed) temperature points I obtained the increase of
entropy per spin Sgig =~ 0.714. The calculation for N = 64 with higher density of investigated temperature
points (about 120, again non-uniformly distributed) up to T' = 0.50 J gives Sqig & 0.702 per spin. Both of
these values are close to the increase of entropy in the Ising model, ASising = In2 ~ 0.693 and contribute to
verifying the expectation that the transition magnetic-nematic is of the Ising type.

If the parameter m (see Sec[3.4) is an order parameter (for N — oo) and the phase transition at Ty ~
0.045J is really of the Ising type, then the order parameter in the neighbourhood of 77 should be proportional
to (T — T)l/8 for T < Ty and m =0 for T > T1 The values were fitted for 77 = 0.0449 estimated from the
heat capacity peak; see Fig[d.11]

4The last condition is for N — oo satisfied because of the law of large numbers. According to the law of large numbers, for
temperatures 7' > T1, man (T) = %mN(T) should hold, which seems to be true.
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Figure 4.11: Graph of parameter m(7T) for j = 0.02 and N = 64, 128,256,512, including fit for the (possibly order)
parameter m with an Ising exponent, m o« (71 — T)‘s with § = 1/8 and T7 = 0.0449 J.

4.4 Numerical results for ;7 = 0.16

The model with j = 0.16 should represent the case without the nematic phase. The graph of energy E(T)
reveals only one region with higher heat capacity. The peak in heat capacity moves slightly towards lower
temperatures with increasing lattice size NV, but does not grow.
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Figure 4.12: Left: Graph of the energy E(T') and the helicity modulus Y(7") for j = 0.16 and N = 64. The dotted
lines are the universal jump % for the helicity and the prediction of Y from J renormalization due to anharmonicity
(see Eq.(2.51). Right: Vorticity V(T') and plots of the magnetic and nematic susceptibility, x1(7) and x2(T'), all for
j=0.16 and N = 64.

The phase transition was dealt with the same techniques as the KT phase transition for j = 1, using
the fit for helicity with the universal jump % and inspecting the intersections of xi/N7/4, and xo/N*/4.
The estimated phase-transition temperature is consistently 75 ~ 0.287 .J; see Fig[f.13] The 2-parametrical
fit of the helicity modulus performed with values YT n(T') for N = 64, 128,256,512 at temperature points
T = 0.2850, 0.2865, 0.2875 J determines the universal jump between @ and %.

4.5 The phase diagram
Our final effort was to construct the phase diagram in the space (plane) of parameters j and T'; see Fig
The transitions for 7 = 0,0.02,0.16,1 were studied intensively. For j = 0.04,0.06,0.10,0.14 the transition

temperatures T5(j) were found by finite-size scaling of susceptibilities using only 2 lattice sizes N = 64, 128.
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Figure 4.13: Detailed graph of the helicity modulus with the root-mean-square-error § of the 1-parametrical finite-size-
scaling fit, for j = 0.16. Lower graphs: determination of the transition temperature 72(j = 0.16) from the finite-size
scalings x1/N7/*, xa/N*/* of the susceptibilities.

For j =0.2,0.3,...,0.9 the transition temperatures T»(j) were found roughly from the graphs of the magnetic
susceptibilities x1(7T); the transition temperature T5(j) in units J rises approximately linearly with j from
Ty(j = 0.16) ~ 0.29 J up to To(j = 1) ~ 0.89 J.

The lower transition temperature 74 (j) was determined from the peak of the specific heat. The estimate
of the magnetic-nematic phase transition temperature 7(j) outgoing from the conception of an Ising-like
phase transition seems to be very close to the obtained results and thus it is a next argument supporting the
conception.

Although the triple point was not inspected seriously, we have inspected the models with j = 0.08,0.12
with special care. The neighbourhood of the transitions was inspected using the finite-size scalings of both
susceptibilitiesE] The observables were computed on lattices with linear sizes N = 32,64, 128, 256,512. The
jump of the helicity was observed, too.

e The model with j = 0.08 has still well separated phase transitions. The magnetic susceptibility is already
attenuated at T (j = 0.08) ~ 0.215, the finite-size scaling of the nematic susceptibility yo N7/4 intersect
with high precision at To(j = 0.08) ~ 0.2165 J. See Fig The 2-parametric fit of the helicity
modulus for the temperatures T" = 0.2075,0.2100,0.2125,0.2150,0.2175 J with N = 64, 128,256,512
gives jumps in the range from % to % with unestimated accuracyﬁ

e The model with j = 0.12 is rather complicated — the vicinity of the triple point results also in increasing
autocorrelation times The data is unclear: the finite-size scaling yo/N*/4 does not intersect well,

5The nematic susceptibility was used in both possible finite-size scalings x2 N7/4 and yo N4/4.

SThe root-mean-square error § of the 2-parametric fit of the helicity has not a well localized minimum. Therefore this method
(fitting values of Y n(T') for only 4 lattice sizes, and with relatively high error bars ~ 0.002 J) is inappropriate for determination
of the transition temperature.

"For a finite lattice is our argument (from beginning of Sec that at the magnetic-paramagnetic phase transition do
half-vortices not play a role, not valid. Therefore complicated finite-size effects may arise in the vicinity of the triple point .
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but both, the finite-size scaling x1/N /4 and yo /N 7/4 intersect well. The magnetic susceptibility
seems to diverge with N — oo. The 2-parametrical fit of the helicity for the temperatures T° =
0.2350, 2375, 2400, 2425 J with N = 64,128,256,512 estimates the universal jump in the range from

g to %. See Fig
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Figure 4.14: Left: The finite-size scaling of the nematic susceptibility x2 N7/* for determination of T>(j = 0.08).
Right: The helicity modulus Tn(T") for j = 0.08 and N = 32,64, 128, 256, 512.
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Figure 4.15: Above: The magnetic susceptibility xi1,~(7) and the nematic susceptibility x2,n(7) for N =
64,128,256,512 and j = 0.12. In the middle: The finite-size scaling of the magnetic susceptibility x1 N7/4 inter-
sects quite well at To(j = 0.12) ~ 0.2325 J. The finite-size scaling of the nematic susceptibility x2 N7/* intersects
quite well, too. Below: The jump of the helicity modulus Y n(T") for j = 0.12 does not look as %, nor as %.
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Figure 4.16: Phase diagram in the most interesting region of the j, 7' plane. The magnetic-nematic phase transition
temperature 77 (j) was obtained from the specific heat peaks for various j. The Ising estimate of phase transition
temperature T4 (j) (see Eq.) is plotted there for comparison. The nematic-paramagnetic phase transition tem-
perature T5(j) was find using the finite-size-scaling for the nematic susceptibility as the intersection of x2,n(T') N /4
for various lattice sizes V. The magnetic-paramagnetic phase transition was determined using the finite-size scaling
of both susceptibilities as the intersection of x1 x(T) N7/4, or xo,n(T) N*/* for various N. The region near the triple
point was not inspected seriously.
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Conclusion

We have studied a modified 2-dimensional XY model on the square lattice defined by the Hamiltonian

H:_Z[Jl cos (0 — 0;) + J2cos2 (0 — 0))], for J, >0,
(k)

using Monte Carlo simulations. Our goal was to specify the phases in the space of coupling parameter
j= ﬁ and temperature 7" and to determine the types of phase transitions between the phases. We have
revised the KT theory for our modified model.

We have verified the expectation that the phase diagram consists of 3 phases (the magnetic, the nematic
and the paramagnetic phase) by measuring the helicity modulus and the magnetic and the nematic suscep-
tibility. The character of the phase transitions was investigated in detail for 4 representative values of the
parameter 7, namely j = 0,0.02,0.16, 1.

The phase transition between the magnetic and the nematic phase is Ising-like. We have 2 arguments
(1-2) and 3 indications (3-5) in support of this:

1. The peak of the differential heat capacity scales, within the error bars, as it should for the Ising model.

2. We have found an order parameter m, which scales in close vicinity of T} as (T} — T)° with the Ising
exponent 0 = 1/8.

3. The entropy increase according to the differential heat capacity is with high accuracy In 2.
4. The Ising-estimate Eq.(L.20) of T (j) fits well the determined transition temperatures T4 (j).
5. The number of walls increases at the transition temperature T rapidly.

The transition between the magnetic and the paramagnetic phase is of the Kosterlitz-Thouless (KT) type
with an universal jump % caused by unbinding of vortex—anti-vortex pairs. We have investigated the phase
transition using finite-size scaling of the helicity modulus T, the magnetic susceptibility x1, and of the nematic
susceptibility y2, the transition temperatures were internally consistent. From the finite-size scaling of the
helicity modulus it is observable that the magnitude of the universal jump is % with reasonable accuracy.

The nematic-paramagnetic transition is of the KT type with an universal jump % caused by unbinding
of half-vortex—anti-half-vortex pairs. We have studied the finite-size scaling of the helicity modulus and of
the nematic susceptibility and the obtained transition temperatures were internally consistent. Again, the
helicity modulus reveals that the value of the universal jump is close to %.
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Slovak summary
Slovensky siithrn

V tejto praci sme Studovali modifikovany XY model na Stvorcovej mriezke definovany Hamiltonidnom

H == [Jicos (0 — 0) + Jocos2 (0 — 0)],  pre.Jp > 0.
(kD)

Nagim ciefom bolo pomocou Monte Carlo simulécii urc¢it fazovy diagram v rovine parametra j = ﬁ a
teploty T a charakter fazovych prechodov medzi jednotlivymi fazami.

Prevazna vacsina dat bola ziskana pomocou randomizovaného Wolff-ovho algoritmu, mensia ast pomocou
Metropolis-ovho algoritmu. N&s modelovy systém tvorili Stvorcové mriezky N x N spinov s periodickymi okra-
jovymi podmienkami, typicky pre N = 64,128,256,512. Simulacie odhalili pomocou merani tuhosti spinov
T a magnetickej, resp. nematickej susceptibility x1, x2, Ze fazovy diagram pozostéva z 3 faz: magnetickej,
nematickej a paramagnetickej.

Prepracovali sme teoriu Kosterlitz-a a Thouless-a [2] pre nas model a teoreticky sme podchytili charakter
KT fazovych prechodov pre prechod magnet-paramagnet a nematikum-paramagnet. Kvalitativne sme ukazali,
7e prechod medzi magnetickou a nematickou fazou moze byt Ising-ovského typu.

Jednotlivé typy fazovych prechodov sme preverovali pre tzv. reprezentativne rezy parametrickou rovi-
nou, konkrétne pre j = 0,0.02,0.16,1. Hodnoty parametra j boli zvolené tak, aby pokryvali vSetky fazové
prechody.

Nasli sme 2 argumenty (1-2) a 3 indicie (3-5) dokladajice, Ze prechod medzi magnetom a nematikom je
Isingovsky:

1. Maximum mernej tepelnej kapacity (na 1 spin) cqi(T") prislichajici interakeii Jo (t.j. energii doméno-
vych stien) rastie s velkostou mriezky v ramci neistot merani logaritmicky s velkostou, tak ako je to
zname pre Ising-ov model.

2. Nasli sme parameter usporiadania m, ktory skaluje v tesnej blizkosti pod T} proporcionélne s (T —T)?,

kde 0 = 1/8 je exponent pre Ising-ov prechod.
3. Narast entropie prisltchajuci mernej tepelnej kapacite cgig(T) je s vysokou presnostou In 2.
4. Odhad Eq.(1.20) pre teplotu T} (j) Ising-ovského prechodu je vo vybornom sulade s vysledkami simulécii.

5. Pocet doménovych stien pri teplote prechodu T; prudko stipa.

Fazovy prechod medzi magnetickou fazou a paramagnetickou fazou je podla nas spésobeny pritomnostou
viazanych parov vir—antivir, ktoré sa pri kritickej teplote prechodu stavajiu volnymi virmi. Pre tento fazovy
prechod KT teoria predpoveda univerzalny skok v tuhosti spinov o % Tento skok je zo skilovania tuhosti
spinov pre rozne mriezky dobre badatelny. Teploty fazového prechodu sme urcovali zo §kdlovania tuhosti
spinov, magnetickej a nematickej susceptibility. Takto urcené teploty fazového prechodu boli konzistentné,
¢o je netrividlny vysledok prispievajuci k potvrdeniu predpokladu, Ze tento prechod je typu KT, a Ze je
sposobeny rozpadom parov vir—antivir.

Za fazovy prechod medzi nematikom a paramagnetom st podla nagej teorie zodpovedné polviry, ktoré sa
v nematickej faze vyskytuju iba viazané v paroch a v paramagnetickej st uz volné. Skok v tuhosti je pre
takyto KT prechod tiez univerzélny, %. Na reprezentativnych vzorkiach j = 0,0.02 sme urobili $kalovanie
tuhosti spinov a nematickej susceptibility a dostali sme konzistentné teploty fazového prechodu, ¢o je opét
pozitivny test teodrie.
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