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Os assuntos principais

modelos de magnetismo
propriedades de
transicao de fase via pares de vortices

efeitos de vacancias (vagos na rede dos
spins) nos vortices e na transicao de fase






Materiais magneticos

elétron spins num atomo quer alinhar em pares: T1
S = spin do atomo = ) (spins sem pares)
exemplo: atomos Fe, Co, Ni, Mn, Cr podem ter S#0

Material € magnetizado quando muitos spins ficam
alinhados, sendo um estado de baixa energia.

diminui o alinhamento dos spins.



Modelos de 2D de plano facil

atomos com S$>0, situados numa rede regular

spins ou de 2 componentes (rotor planar) ou de 3
componentes (XY, Heisenberg)

intercambio anisotropico entre vizinhos, spins
preferem ficar dentro do plano facil (xy)

ferromagnets tendéncia de spins alinhados
antiferromagnets: tendencia de spins opostos

transicao de fase via nucleacao de vortices
(Berezinskii-Kosterlitz- Thouless)



modelo de Heisenberg com anisotropia

Hamiltoniana

H= 3 [S2Sta+ SUShia + ASiSHra] - (1)

2

n,a

parametro de < Nz, ol
anisotropia b O CHEEENR R isotropic

angulos dos spins

It is convenient to write the spins of length S in terms
of in-plane angles ¢, = tan~1 (5% /5%) and scaled out-of-
plane component my,, = Sz /S,

S(4/1 —m32cos ¢p, /1 —m2sindy, myp). (2)
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MOdelo de XY ® O © x| xmd - Spin Monte Carlo and Dynamics
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MOdelo de XY & O O (x| xmd - Spin Monte Carlo and Dynamics
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Propriedades dos vortices

uma carga topologica integral:

criados em +qg/-q pares

angulo dos spins dentro do plano:

energia de um vortice: E= l'rJSZq2 IGVEY
energia de um +qg/-q par: E= l'rJSZq2 In(d/a)

R=raio do sistema, d=separagao do par,
a=constante da rede



Calculos de estados de spins via

Relaxagao para um estado minimo local de energia:

campo efetivo dos vizinhos =

gﬂ — szn+a[5ﬁ+ai‘ + *5?1+a§t+ ‘1“5‘;+aﬁ]&

P, = 0/1 (sitio vazio/ocupado)

Escolha um estado inicial
(por exemplo, parecido com um vortice).

Iteragao: Coloque cada spin da rede paralelo ao campo efetivo dos
vizinhos, até nao ha mais mudancas no sistema.



Vértice planar (A=0.68) (R=50a)
estavel sO com A < }\CzO.7 (anisotropia forte)
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Vértice fora do plano (A=0.9) GEREY
estavel s6 com A > Acz0.70 (anisotropia fraca)
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a5,

A0,

0,0

M., do vortice fora do plano

xgrph <- Mvp.lambda
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Quais sao as mudangas quando um
vortice localiza numa vacancia?

a energia fica menor.

o valor critical, }\CZO.7,

aumenta para A, =0.9545.

vortices ficam mais estaveis.
o vortice e atraido pela vacancia.

a carga de vortice pode ser



Vértice planar, numa vacancia (A=0.9) (R=50a)

estavel sO com A < }\C

Vv

~0.95 (anisotropia forte)
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Vértice fora do plano, numa vacancia (A=0.98)

estavel s6 com A > >\CV

lam=0.920 E=12.673 Mz= 84,307

lam=0.980

~0.95 (anisotropia fraca)

E=17.673 Mz= 84 .30Z

PV g PV E A A A RN N .
W 1 i e e L BT TR
e e e e R T R,

LA AT PP P R S S S . Y
¥

/

o

i

%

Yy RORCCTERRE N S g <

Y

Ny

Ny

g e R
—
e
Sah T — T AT
R R R O e

1Y
*
"
P N N o i
AN Aol S S N 3
i %
J
Y
Yy )
y 7
y 7
"4 A
N R T F A A A
T i
Y O N N RS BT T T T A A
B O O e e e o i

i et e R R R R
4 "
¥ %
i %
Y 7
Yy 7
y 7
My W W R T T A T A
™y

b e e e e e R T
Pl Pl gl 2P A S S N
N W NSRS T T T A A A A
T T TR e T F T A A A

iiiii

lllll

P d e

L™
O A - U T T
N T . U T T T T

S A A A . 0 T T T I B
4+l|-"|-'~1-11r
Vo b Yy Ty e A e
T T T i N

R

LI B R LA i A L L

360 Spins w=l, pin=1, dbl=0 5tate Z72

360 =plns

w=1, pin=1, dbl=0 5State Z72




M=Mz’ fora

do plano,

vortice numa
vacancia,

redes
hexagonal,
quadrada,
triangular

sqr
0.96
A

FIG. 4: Total out-of-plane magnetization of a numerically re-
laxed vortex-on-vacancy versus exchange anisotropy constant
A, for hexagonal, square and triangular lattice systems of ra-
dius B = 50a with free boundaries. The inset shows the same
data versus shifted exchange anisotropy constants A— A., near
the critical points.




Energia de vortices planares, sistema circular, A=0




Energia de vortices fora do plano, A=0.99




energia de ligacao| de um vortice numa vacancia

AE=E(

vort. no plaquette) E(vc’>rt. na vacancia)

TABLE IV: Some vortex-on-vacancy binding energies (in
units of JS*) and magnetization reductions (in units of S) es-
timated by comparing to the vortices-in-plaquette structures
(d = 0), using circular systems of radius R < 300a.

A AFhex AMhpex| AFsqr| AMagr AFeri AMig
0.0 1.937 0.0 |3178| 00 5174 0.0
0.93 1.486 21.31 | 1.807| 28.05 245 32.42
0.99 0.224 24.63|0.232| 17.27 0.310 14.85




potencial entre
vacancia e um
vortice

r. ., = separagao

aY;
entre vortice e
vacancia

a vacancia atrai
O vortice

FIG. 10: Vortex—vacancy total energy as a function of their
separation rv., calculated on a square lattice system of ra-
dius B = 50a for indicated exchange anisotropies (A = 0,
in-plane; A = 0.90, transition from in-plane to out-of-plane
with increasing rvv; A = 0.96, out-of-plane vortices). With
the vortex at the origin (0,0), the vacancy was placed at a
sequence of positions in the (10) direction.




Vortices de carga dupla, g=+12
Sempre localizados huma vacancia.

lam=0.5960 E=30.792 Mz= 3.422
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P2:
q=2 planar
na vacancia

02:
q=2 fora do plano
na vacancia

PP:
dois g=1| planar

PO:
g=1 planar, na vacancia
q=1 fora do plano

OO0:

dois q=1 fora do plano,
livre da vacancia

&0
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FIG. 12: After relaxation of a ¢ = 2 vortex initially centered
on an isolated vacancy in a circular system of radius K = 50,
the total system energy (solid curve) is shown as a function
of the anisotropy constant A. The vertical bars indicate the
net out-of-plane magnetization of the relaxed configuration,
on the same numerical scale.




A = 0, planar vottices

FIG. 11: Various total system energies with a vortex present
versus system radius R. (rede quadrada)




Simulacoes de Monte Carlo

sistemas L x L, condicoes de contorno

Py, = densidade de vacancias = 0 ou 0.16

mudangas dos spins via técnicas de
, todos juntos.

localizagao de T c — temperatura critica, usando

susceptibilidade dentro do plano (X) e finite size
scaling.
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B. MC Measurements

In terms of temperature T' and Boltzman’s constant k,

the system’s thermodynamic energy E and heat capacity
C' are defined via usual relations,

E =(H), C=k[(H?) - (H)/T" (4)

The instantanteous total magnetization of the system is
the sum over all spins

ﬂ — angn- (5}

For purposes of finding T, it is important to calculate the
assoclated per-spin susceptibility v*® of any component
a, derived from the magnetization fluctuations,

X** = ((Mg) — (Ma)®)/(NT). (6)

Both x** and y%¥ were computed by (6) and then aver-
aged to get the in-plane susceptibility,

x = (X +x")/2. (7)




parametro
de
ordem

the system’s total in-plane absolute valued magnetic mo-
ment (order parameter M *)}, which only tends to zero in
the high-temperature phase, and its associated per-spin
susceptibility x*,

M* = (\/M2+M2), x*=[M2+M)—M"*]/(NT).

(8)
Related per-spin energy, specific heat, and order param-
eter (e, c,m*), are obtained by dividing each by the num-
ber of occupied sites, V.

Quantidades calculados por spin:
(N=numero dos sitios ocupados)
energia, e=E/N
calor especifico, ¢=C/N
parimetro de ordem, m =M"/N

Fez medias com 300,000 passos de MC.



T/

FIG. 1: For the model with edge L = 64, at the XY limit, the
internal energy, absolute magnetization, and specific heat per
spin for the uniform system and with 16% vacancy density.




Vortex densitie s
A=0 L=64

0.1 %t {0.186)
P'II.'I.

FIG. 5: Thermally induced vorticity density for the uniform
XY model [p(0)] and at 16% vacancy density [p(0.16)]. Also
displayed are the vorticity fraction pinned on vacancies [fpin|
and the fraction with doubled charges [ far:|, both when pyac =

0.16.
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finite size
scaling

XocL =7

Ay AL
(@f= TC

localiza TC
usando sistemas
de varios

tamanhos

Ll
45 045 047

— L-128
- L=54

L=32
— L6

FIG. 3: Application of the finite-size scaling of in-plane sus-
ceptibility to estimate T./J ~ 0.478 (common crossing point
of the data) at 16% vacancy density in the XY model, using

exponent 1 = 1/4.
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FIG. 8 Application of the finite-size scaling of in-plane sus-
ceptibility to estimate T /J ~ 0.404 (common crossing point
of the data) at 16% vacancy density at the vortex-on-vacancy
critical anistropy.




- h=)_=0.9545

- from scaling )(NLZ_TI




LBO0

Ralelel g
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oo

0, Qi
QLoo0 0,100 0,200 0,300 0,400 0,300 0,600 0,700 0,800 0,900 1,000

A QC—

TABLE I: Dependence of critical temperature T.(pyac) on
anisotropy constant A, for the pure model (pvac = 0) and at
pvac = 0.16, obtained by the scaling of in-plane susceptibility.

A T.(0)/J
0.0 0.699 £ 0.001
0.7 0.673 £+ 0.001

0.9545 0.608 £ 0.001

T.(0.16)/J
0.478 £+ 0.001
0.454 £+ 0.001
0.404 £+ 0.001

A




susceptibilidade fora do plano facil

Ol

005
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Conclusoes

vortices sao atraidos pelas vacancias.

vortices preferem formar nas vacancias, de
maior preferencia, na forma planar.

vortices de acontece ligados nas
vacancias.

a presencga de vacancias facilita a transicao de
fase, igual ao modelo de rotor planar.

www.phys.ksu.edu/~wysin/
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