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Summary 

 

The aim of the report is to analyze the behavior of magnetic materials 
using computer simulations. The scope of the report is to understand how the 
spins in a ferromagnetic and antiferromagnetic material behave. In addition 
to that, the effect of temperature and external magnetic field are also taken 
into account to understand how the spins behave under the influence of 
those effects. 

Modeling is a useful technique to solve the problem close to the real 
phenomena. A simple calculation technique (analytical theory) sometimes is 
not sufficient to approximate the real phenomena. Therefore, modeling 
(computer simulations) exist to bridge between the experimental and 
analytical theory. In this case, the simulations are based on Metropolis 
Algorithm generated from Monte-Carlo method. The model used is generaly 
known as the Ising Model. 

The conclusions are that modeling technique (using Matlab) is able to 
simulate homogenous spins direction of a ferromagnetic material under low 
temperature and its homogeneity decreases as temperature increases. At the 
critical temperature (Curie temperature), the net magnetization is zero as the 
spins orient to any directions. Meanwhile, for an antiferromagnetic material, 
the spins direction is not affected by the temperature. The effect of external 
magnetic field showed that the spins direction changes its direction towards 
the direction of the external magnetic field as the amount of external 
magnetic field increases. It is also found that the susceptibility is 0.8608 and 
the value of C is 2.9062. 

The main recommendation is that number of iteration should be 
increased to which the system reach its equilibrium. 
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1. Introduction 
1.1. Magnetisms 

The main magnetic properties that are studied in this study are 
paramagnetic, ferromagnetic, and antiferromagnetic. The spins direction for 
each category is presented in Figure 1. 

 

Figure 1. Types of magnetism: (A) paramagnetism, (B) ferromagnetism, (C) 
antiferromagnetism. 

In paramagnetic material, the spins are randomly oriented, thus the 

net magnetization is zero. Ferromagnetic have an overall net magnetization 

since the spins orient towards one direction. Ferromagnetic material can 

retain their magnetization when the external field is removed, as long as the 

temperature is below a critical value (Curie temperature). They are 

characterized by a large positive magnetic susceptibility. In 

antiferromagnetic, the spins are line up in opposite direction to one another. 

 

1.2. Monte-Carlo 

Monte Carlo methods are those which solve a problem by generating 

suitable random numbers and observing that fraction of the numbers 

obeying some property or properties. The method is useful for obtaining 

numerical solutions to problems which are too complicated to solve 

analytically (Agarwal, 2011).    
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There is no single Monte Carlo method but a large class of approaches 

following a particular pattern:   

 Defining phase space  a domain of possible inputs.  

 Sampling  generating inputs randomly from the phase space using a 

certain specified probability distribution.  

 Deterministic computation  computing the problem using the 

generated inputs (random numbers).  

 Final result  aggregation of the individual computation results.  

 The probability P(x) of the system in sate x is then given by 

normalized Boltzmann factor as: 

(ݔ)ܲ =
1
ܼ ݁

ିఉா  

Where: 

β = 1/(kB T),  T = temperature,  kB = Boltzmann constant = 1.380658e-23 J/K, 

and Ex = energy of state x and Z = partition  function. 

 

1.3. Metropolis Algorithm 

The Metropolis algorithm is one of the procedures that realize 
Importance sampling. Here many Markov chains are constructed from one 
Markov chain. The idea behind this Metropolis Algorithm is to simulate the 
motion of atoms at a finite temperature in such a way that the fraction of time 
the system spends in each state satisfies Boltzman’s distributions. 

 

1.4. Ising Model 

The Ising model allows dealing with thermodynamic problems such as 

the behavior of the spins in ferromagnetic materials. Thus, thanks to a two-

dimensional lattice of 1/2 spins to which the Monte Carlo method is applied, 

we determine the observables describing the system and their evolution with 

the variation of the magnetic field and the temperature (Laetitia, 2004). 
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1.5. Problems 

In this report, the problems to be solved are: 

 The spins behavior of ferromagnetic and antiferromagnetic at low and 

high temperature. 

 Determination of Curie temperature 

 Fluctuation of magnetic moment 

 Influence of an external magnetic field 

 Variation of susceptibility at high temperature and calculating C. 

 

 

2. Methodology 
In order to solve the problem, the methodology used is a computer 

simulation using Matlab. In this simulations, the code was developed in such 

a way to make the initial condition fit to either ferromagnetic behavior (when 

all the spins towards one direction) or antiferromagnetic behavior (when the 

spins is up and down). The effect of temperature and external magnetic field 

are introduced to see how the spins behave. The complete Matlab codes are 

presented in Appendix 1 to Appendix 3. 
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3. Results and Discussions 
3.1. The behavior of ferromagnetic (J+) at low and high T 

Figure 2 shows how the behavior of the spins in a ferromagnetic 
material at low temperature. This figure shows one sirection of spin 
(homogenous white colour means that spins are aligned towards the same 
directions). Thus the magnetization is not zero. 

 

Figure 2. Ferromagnetic behavior at low temperature (0.1) 

Figure 3  shows the behavior of the spins in a ferromagnetic material 
at high temperature. The spins are randomly orriented, thus the color is not 
homogenous. This condition will cause the net magnetization become zero. 

 

Figure 3. Ferromagnetic behavior at high temperature (10). 
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3.2. The behavior of antiferromagnetic (J-) at low and high T 

Figure 4 and 5 show the behavior of the spins in an antiferromagnetic 
material at low and high temperature. In antiferromagnetic material, the 
spins orientations are not affected by temperature. This is due to the fact that 
in the antiferromagnetic material, the spins are oriented antiparallel to each 
other. So, if the temperature changes, both directions of spins will also 
changes and resulting in the same condition as before. 

 

Figure 4. Antiferromagnetic behavior at low temperature (0.1). 

 

Figure 5. Antiferromagnetic behavior at high temperature (10). 
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3.3. Observing Curie Temperature in ferromagnetic materials 

Curie temperature is a critical temperature where intrinsic magnetic 
moment change its direction. As an example, the ordered magnetic moments 
in ferromagnetic change and become disordered (paramagnetic) at Curie 
temperature, and vice versa. 

 

Figure 6. Changing magnetic moment from ordered ferromagnetic to 
disordered paramagnetic. 

 

As we can see from the Figure 6 above, in ferromagnetic material the 
spins direction is orriented toward one preference direction. Thus, 
ferromagnetic materials have a magnetization (the net magnetization ≠	0). In 
paramagnetic, the spins orriented to all directions randomly, therefore it 
doesnot have any preference direction. Thus, the net magnetization is zero. 

  In order to observe this critical temperature (Curie temperature), 
one can make a plot of magnetization as a function of temperature. If the 
starting point is from ferromagnetic material, then by increasing the 
temperature, we should be able to observe the critical temperature where 
the net magnetization is equal to zero.  

This Curie temperature can be observed by a simulation model using a 
Matlab program. In this simulation, the starting point is ferromagnetic at low 
temperature. The spins are made to orrient towards one direction. After that, 
the variation of the mean magnetic momentum is plotted as a funtion of 
temperature. The temperature is varried in the range of 0.1 to 4. This plot is 
represented in the following figure. 
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Figure 7. Magnetization versus temperature. 

 

As can be seen from Figure 7 that above temperature 3.5, the 
magnetization is almost zero. This indicates that the Curie temperature is 
arround 3.5. However, an important thing that has to be noticed that this 
simulation was done for lower number of itteration than it should be. This is 
because of my computer is getting error when performing too many 
itterations. A perfect simulation has to be performed at the appropriate 
number of itterations that is when the system reach the equilibrium 
conditions. The equilibrium condition is indicated by the constant zero 
magnetization. 
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Figure 8. Energy versus temperature. 

After reaching the Curie temperature, the energy becomes constant at 
the value close to zero. This is due to the fact that above Curie temperature, 
the net magnetization is zero, thus no need more energy to induce the spins 
transitions. At this situation, all the spins has already randomly oriented and 
this is already in the stabil situation for paramagnetic. 

 

3.4. Fluctuation of magnetic moment 

The magnetic moment will undergoes fluctuation as the temperature 
changes. At Curie temperature, a ferromagnetic material will totally change 
its behavior into paramagnetic behavior. However, during this transition 
proceses, we are able to observe how the proportion of the spin up and down 
changes as a function of temperature. 

By modeling technique, this transition phenomena can be recorded 
and displayed as an image of each temperature. We expect to see the 
variation of color which represent the proportion of the spin up and spin 
down. 
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T 0.1                                                  T 0.5 

           

T 1                                                    T 2 

        

T 2.5                                              T 3 
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T 3.5                                    T 4 

Figure 9. The evolution of spin orientations. 

 

Figure 9 above shows how the size of the spins evolve as increasing 
temperature. At low temperature (0.1-0,5) the energy is not sufficient to flip 
the spins, thus the spin orientation doesnot change, still in ferromagnetic 
behavior indicated by homogenous color. As temperature increases to 1, we 
can see several black points that represent the flipped spins. At this 
temperature, the energy is sufficient to change few number of spins. 
However, the system is still generaly in ferromagnetic behavior. As 
temperature increases from T2 to T3.5, we can see that the number of flipped 
spins are growing. This is because the system has sufficient kinetic energy 
from tha external temperature to change the orientation of the spins. As the 
temperature is close to Curie temperature, we can see that after T 3.5, T4, 
and further, there is no more change in the ratio of white and black color 
which means that the spins up and down has been proportional and this 
causes the system has zero net magnetization.  

The evolution of the flipped spins as a function of temperature are 
represented in the following Figure 10. 
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Figure 10. Evolution of spins orientation as increasing temperature. 

 

3.5. Influence of an external magnetic field 

In the present of external magnetic field, this magnetic field can induce 
the intrinsic magnetization in a material. If the external magnetic field is 
strong enough, this can make the spins in the material changes its orientation 
towards the same orientation of the external magnetic field. This phenomena 
can be analyzed by a simulation using Matlab. 



15 
 

 

Figure 11. Magnetization versus applied magnetic field. 

 

The material is set to be in ferromagnetic behavior, which means the 
net magnetization is not zero. In the absent of external magnetic field (H = 0), 
the intrinsic magnetization is -0.0062. The negative sign just showing the 
direction of the magnetization. 

We can see from the figure above that applying more negative value of 
external magnetic field (H) induce the magnetization (M) also to become 
more negative. This is in agreement with the explanation that if the external 
magnetic field becomes stronger, this can induce the internal magnetization 
of a amterial and the spins will orrient towards the same direction of the 
applied magnetic field. 

From this simulation we can also deduce the value of magnetic 
susceptibility (X) which is the slope of the plot, due to the formula: 

M = X.H 

The value of magnetic susceptibility is 0.8608. This is unitless since M 
has the same unit as H. 
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3.6. Variation of susceptibility at high temperature 

Another important point in understanding the behavior of magnetic 
material is that Curie law gives the variation susceptibility as a function of 
temperature for system submitted to high temperature: M = C.H/T. 

Using the simulations, we can calculate the value of C. In order to 
obtain the C value, the simulation was performed to calculate the 
magnetization (M) as changing temperature (T) at a fixed external magnetic 
field (H). The temperature is varied from 4 to 8, and the external magnetic 
field is fixed at 0.4. The plot of M as a function of (H/T) is given bellow.  

 

Figure 12. Magnetization versus (external filed / temperature). 

From the plot above, we can deduce the value of the C which is the 
slope of the plot. C = 2,9062. 

 

4. Conclusion 

The conclusions are that modeling technique (using Matlab) is able to 
simulate homogenous spins direction of a ferromagnetic material under low 
temperature and its homogeneity decreases as temperature increases. At the 
critical temperature of ferromagnetic material (Curie temperature), the net 
magnetization is zero as the spins orient to any directions. Meanwhile, for an 
antiferromagnetic material, the spins direction is not affected by the 
temperature, the spins orientation is random both at low and high 
temperature. The effect of external magnetic field showed that the spins 
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direction changes its direction towards the direction of the external magnetic 
field as the amount of external magnetic field increases. It is also found that 
the susceptibility is 0.8608 and the value of C is 2.9062. 

 

5. Recomendation 

Number of iteration should be increased to which the system reach its 
equilibrium. 
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Appendix 1 

(Matlab code for spin profile and determination of Curie temperature) 

 
% Ising function 
 
function [M,E] = ising(numiter,N,T) 
%function [M,E] = ising(numiter,N,H) 
  
J=1 
k=1 
%T=4 
H=0 
  
% initial configuration of spins is generated randomly 
%Sk = (rand(sqrt(N))>0.5)*2-1    
Sk = (ones(sqrt(N))>0.5)*2-1 
  
% If want to generate initial configuration as matrix 1 
% Sk = ones(sqrt(N),sqrt(N));   
  
  
% If want to record the magnetization at each iteration 
%M = zeros(1,numiter) 
  
for i=1:numiter 
     
Si1 = circshift(Sk,[0 1]);   % x_shift_up 
Si2 = circshift(Sk,[0 -1]);  % x_shift_down 
Si3 = circshift(Sk,[1 0]);   % y_shift_up 
Si4 = circshift(Sk,[-1 0]);  % y_shift_down 
  
% matrix of the total neighbors for each initial spin 
Sitot = Si1 + Si2 + Si3 + Si4   
  
% change in energy calculation 
% energy required to flip the spin: (- value) is preferable (+ 
value) is not preferable      
E = 2*(J)*Sk.*Sitot + (2*H*Sk) 
  
% boltzman probability 
p = exp(-E/(k*T))  
  
% for energy > 0 condition: 
cond=-2*(rand(sqrt(N))<p).*(rand(sqrt(N))<0.05)+1 
Sk = Sk.*cond 
  
% Magnetisation and energy 
M = sum(sum(Sk)) 
E = -sum(sum(E))/2 
  
%If want to record the magnetization at each iteration 
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%M(i) = sum(sum(grid)) 
  
%image(Sk); 
%image(Sk+1); 
%subplot(2,2,1:2) 
  
figure(1) 
image((Sk+1)*100) 
  
  
xlabel(sprintf('spin profile %0.2f, M = %0.2f, E = %0.2f’, T, 
M/N^2, E/N^2')) 
set(gca,'YTickLabel',[],'XTickLabel',[]) 
axis square; colormap bone; drawnow 
end 
  
  
================================================================= 
 
 
 
% code to call the Ising function 
 
clc 
clear 
  
%T = 1 
numiter = 300 % number of iterations 
N = 10000 
 
 
%%Testing multiple temperatures 
%T = linspace(0.1,6,20); 
  
%M_inf = zeros(1,length(H)); 
%M_inf = zeros(1,length(T)); 
%E_inf = zeros(1,length(T)); 
  
%for i = 1:length(T) 
%for i = 1:length(H)     
    %[M,E] = ising(numiter,N,T(i)); 
    %[M,E] = ising(numiter,N,H(i)); 
     
    %M_inf(i) = M / N; 
    %E_inf(i) = E / N; 
     
%end 
  
%%To Test a single temperature  
%T = 0.5; 
      %[M,E] = ising(numiter,N,T); 
%M_inf = M / N; 
%E_inf = E / N; 
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% to test a single H 
H = 0.2 
[M,E] = ising(numiter,N,H) 
M_inf = M / N 
  
%subplot(2,2,3) 
%figure(2) 
%scatter(T,M_inf) 
%plot(T,M_inf) 
%xlabel('Temperature') 
%ylabel('Magnetization') 
  
%subplot(2,2,4) 
%figure(3) 
%scatter(T,E_inf) 
%plot(T,E_inf) 
%xlabel('Temperature') 
%ylabel('Energy') 
  
%print(gcf,'depsc2','ising-M') 
  
%for external magnetic field 
%figure (4) 
%scatter(H,M_inf) 
%xlabel('external field') 
%ylabel('Magnetization') 
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Appendix 2 

(Matlab code for influence of external field and computing susceptibility) 

 
% Ising function 
 
%function [M,E] = ising(numiter,N,T) 
function [M,E] = ising(numiter,N,H) 
  
J=1 
k=1 
T=4 
  
% initial configuration of spins is generated randomly 
%Sk = (rand(sqrt(N))>0.5)*2-1    
Sk = (ones(sqrt(N))>0.5)*2-1 
  
% If want to generate initial configuration as matrix 1 
% Sk = ones(sqrt(N),sqrt(N));   
  
  
% If want to record the magnetization at each iteration 
 M = zeros(1,numiter) 
  
for i=1:numiter 
     
Si1 = circshift(Sk,[0 1]);   % x_shift_up 
Si2 = circshift(Sk,[0 -1]);  % x_shift_down 
Si3 = circshift(Sk,[1 0]);   % y_shift_up 
Si4 = circshift(Sk,[-1 0]);  % y_shift_down 
  
% matrix of the total neighbors for each initial spin 
Sitot = Si1 + Si2 + Si3 + Si4   
  
% change in energy calculation 
% energy required to flip the spin: (- value) is preferable (+ 
value) is not preferable      
E = 2*(J)*Sk.*Sitot + (2*H*Sk) 
  
% boltzman probability 
p = exp(-E/(k*T))  
  
% for energy > 0 condition: 
cond=-2*(rand(sqrt(N))<p).*(rand(sqrt(N))<0.05)+1 
Sk = Sk.*cond 
  
% Magnetisation and energy 
M = sum(sum(Sk)) 
E = -sum(sum(E))/2 
  
%If want to record the magnetization at each iteration 
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%M(i) = sum(sum(grid)) 
  
%image(Sk); 
%image(Sk+1); 
%subplot(2,2,1:2) 
  
figure(1) 
image((Sk+1)*100) 
  
  
xlabel(sprintf('spin profile %0.2f, M = %0.2f, E = %0.2f’, T, 
M/N^2, E/N^2')) 
set(gca,'YTickLabel',[],'XTickLabel',[]) 
axis square; colormap bone; drawnow 
end 
 
 
======================================================= 
 
 
% codes to call the Ising function 
 
clc 
clear 
  
%T = 1 
numiter = 300 % number of iterations 
N = 10000 
  
  
%%Testing multiple temperatures 
%T = linspace(0.1,6,20); 
  
%M_inf = zeros(1,length(H)); 
%M_inf = zeros(1,length(T)); 
%E_inf = zeros(1,length(T)); 
  
%for i = 1:length(T) 
%for i = 1:length(H)     
    %[M,E] = ising(numiter,N,T(i)); 
    %[M,E] = ising(numiter,N,H(i)); 
     
    %M_inf(i) = M / N; 
    %E_inf(i) = E / N; 
     
%end 
  
%%To Test a single temperature  
%T = 0.5; 
      %[M,E] = ising(numiter,N,T); 
%M_inf = M / N; 
%E_inf = E / N; 
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% to test a single H 
H = 0.3 
[M,E] = ising(numiter,N,H) 
M_inf = M / N 
  
%subplot(2,2,3) 
%figure(2) 
%scatter(T,M_inf) 
%plot(T,M_inf) 
%xlabel('Temperature') 
%ylabel('Magnetization') 
  
%subplot(2,2,4) 
%figure(3) 
%scatter(T,E_inf) 
%plot(T,E_inf) 
%xlabel('Temperature') 
%ylabel('Energy') 
  
%print(gcf,'depsc2','ising-M') 
  
%for external magnetic field 
%figure (4) 
%scatter(H,M_inf) 
%xlabel('external field') 
%ylabel('Magnetization') 
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Appendix 3 

(Matlab code for variation of susceptibility and calculating “C”) 

 
% Ising function 
 
function [M,E] = ising(numiter,N,T) 
%function [M,E] = ising(numiter,N,H) 
  
J=1 
k=1 
%T=-4 
H = -0.4 
  
% initial configuration of spins is generated randomly 
%Sk = (rand(sqrt(N))>0.5)*2-1    
Sk = (ones(sqrt(N))>0.5)*2-1 
  
% If want to generate initial configuration as matrix 1 
% Sk = ones(sqrt(N),sqrt(N));   
  
  
% If want to record the magnetization at each iteration 
 M = zeros(1,numiter) 
  
for i=1:numiter 
     
Si1 = circshift(Sk,[0 1]);   % x_shift_up 
Si2 = circshift(Sk,[0 -1]);  % x_shift_down 
Si3 = circshift(Sk,[1 0]);   % y_shift_up 
Si4 = circshift(Sk,[-1 0]);  % y_shift_down 
  
% matrix of the total neighbors for each initial spin 
Sitot = Si1 + Si2 + Si3 + Si4   
  
% change in energy calculation 
% energy required to flip the spin: (- value) is preferable (+ 
value) is not preferable      
E = 2*(J)*Sk.*Sitot + (2*H*Sk) 
  
% boltzman probability 
p = exp(-E/(k*T))  
  
% for energy > 0 condition: 
cond=-2*(rand(sqrt(N))<p).*(rand(sqrt(N))<0.05)+1 
Sk = Sk.*cond 
  
% Magnetisation and energy 
M = sum(sum(Sk)) 
E = -sum(sum(E))/2 
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%If want to record the magnetization at each iteration 
%M(i) = sum(sum(grid)) 
  
%image(Sk); 
%image(Sk+1); 
%subplot(2,2,1:2) 
  
figure(1) 
image((Sk+1)*100) 
  
  
xlabel(sprintf('spin profile %0.2f, M = %0.2f, E = %0.2f’, T, 
M/N^2, E/N^2')) 
set(gca,'YTickLabel',[],'XTickLabel',[]) 
axis square; colormap bone; drawnow 
end 
 
 
================================================================= 
 
% codes to call Ising function 
 
clc 
clear 
  
%T = 1 
numiter = 300 % number of iterations 
N = 10000 
  
  
%%Testing multiple temperatures 
%T = linspace(0.1,6,20); 
  
%M_inf = zeros(1,length(H)); 
%M_inf = zeros(1,length(T)); 
%E_inf = zeros(1,length(T)); 
  
%for i = 1:length(T) 
%for i = 1:length(H)     
    %[M,E] = ising(numiter,N,T(i)); 
    %[M,E] = ising(numiter,N,H(i)); 
     
    %M_inf(i) = M / N; 
    %E_inf(i) = E / N; 
     
%end 
  
%%To Test a single temperature  
T = 8; 
      [M,E] = ising(numiter,N,T); 
M_inf = M / N; 
%E_inf = E / N; 
  
% to test a single H 
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%H = 0.3 
%[M,E] = ising(numiter,N,H) 
%M_inf = M / N 
  
%subplot(2,2,3) 
%figure(2) 
%scatter(T,M_inf) 
%plot(T,M_inf) 
%xlabel('Temperature') 
%ylabel('Magnetization') 
  
%subplot(2,2,4) 
%figure(3) 
%scatter(T,E_inf) 
%plot(T,E_inf) 
%xlabel('Temperature') 
%ylabel('Energy') 
  
%print(gcf,'depsc2','ising-M') 
  
%for external magnetic field 
%figure (4) 
%scatter(H,M_inf) 
%xlabel('external field') 
%ylabel('Magnetization') 
 
 
 
 
 
 

 

 

 


