
 

  



 

 

����    ������ �	
������� �	
������� �	
������� �	
�        

 ��� ����  

���� ���������� ���������� ���������� ����������    ������������������������        

 ��	������� !  

  

  

  

  

"# $%& ��'�(�"# $%& ��'�(�"# $%& ��'�(�"# $%& ��'�(�����    ) ���) ���) ���) ���    ����    *+ "& ,�*+ "& ,�*+ "& ,�*+ "& ,�����

  

  

�- #���+�� ���� ��� � ��+��� ! 

  

  

  

'./ �"01'./ �"01'./ �"01'./ �"01����    2��2��2��2��        

  

  

�3�0�+ ���#�  

 "��� "��� "��� "���1�
�� ��0"�1�
�� ��0"�1�
�� ��0"�1�
�� ��0"�����        

  

  

4567456745674567        

  



        

��� ���� 8��9 './ �"01� 2��  

������ �	
������� �	
������� �	
������� �	
�        

  

  

  

  

  

 :�"� +�";.  

1�
�� ��0"��  

�"��/ "
�� ��  

��&�&�;) ����  ����#�  

=>�� ��3 �"#  

1�
�� ��0"��  

  

  

  

  

  

���� ���������� ���������� ���������� ����������    ������������������������        

 ��	������� !  

  

  

�� �- ����  #���+��� ���+ ��+�  ! ��� ��� ����

����? :@A  

  

  

"# $%& ��'�(�"# $%& ��'�(�"# $%& ��'�(�"# $%& ��'�(�����    ) ���) ���) ���) ���    ����    *+ "& ,�*+ "& ,�*+ "& ,�*+ "& ,�����    ������ �	
������� �	
������� �	
������� �	
�

67 ���3� $#�A � BBCA� #+"& �+�� " 1�  ��� = �BA *� 

 �� �- ����                                                                   "���1�
�� ��0"�

�� �- +*��� ���#� ����                                                                      "���#�

+���9��(                                                                      "�����

+���9��(                                                                     "��� -�=>�� ��3

E�3	A F.�B@A :#"-"#� ��	����                                                 "��� 1�
�� ��0"�

�� �-

 G +�A +�54/4/67

4 I �3�0�+ ���#�� 

J I �� �- +*��� ���#�

5 I  +*�� ���#�)+���9�

L I  +*�� ���#�)+���9�

E�3	A F.�B@A :#"-"#




	 و ��ردا� ��
	 و ��ردا� ��
	 و ��ردا� ��
	 و ��ردا� ��        

        

        ............����یییی��ا ��ا ��ا ��ا 

� د���� � � � ��� ������ ������ ������ ���                �� د����� د����� د����     �� �� �� ��        !"# ، %!"# ، %!"# ، %!"# ، % & & & &'()	� �*'()	� �*'()	� �*'()	� �        ............0/0/0/0/� . � . � . � . - - - - ،ر,،ر,،ر,،ر,    ++++اااا*

        

8�9�7 6' 5 & را 4 ا�3 +��2س ��ا     .� �E FG 'HIJ 'HIJ KL�M Nد�BC < D5رم- �@���او�3ا ?� را < . =� > دل :

   �7OPQ�3ی�ی� و �3ا R�9 STU V�W را �-, XY< و , XY4 ز V�[\، �[\ از 	
b �c�dا+ a`�د و ا�	 _^�دی�،[�ر و .�>م �� ef دی� و�E �g�h 'ijk Rر�[l ، !mn �g ز��ورزی�ی� و  !mn ...  
 �o�p ا�ان�p r �sو دوt م	uم  ا،  �vwx م�[y KL�M N >	z{و د ,  .را دارم, / ��2س� �]��� ~{  �ن@| , 

   . ��2س ��ارمD | ���� �  ،�ن را �7�BO���� /� N & 4 �رگ ا�3 +� ا��% ����7K د��%  +و ��Bب �� + �!,د ����ز د��%  +{�Bم ��Bب ��� � ار7ا��� از 
�ان ������� � د��%  +از ��Bب ��V  ��.��� ��ز�pا�  ¤%ا  ]�ن £�¢¡�    د��%  +و ��Bب ��  �  .را دارم ، ªل ��
	 و ��ر دا� �ن ©¨ را R��§ N �	¦ ی�f/ � ا 4 ز¥

  
  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 M�N>  ��E� M�N>  ��E� M�N>  ��E� M�N>  ��E������������� � � � �    "& =A"��"& =A"��"& =A"��"& =A"��        ������������    OF��'�(� POF��'�(� POF��'�(� POF��'�(� P        

* F�+�	�&�* F�+�	�&�* F�+�	�&�* F�+�	�&�     +*)�� +*)�� +*)�� +*)��������������     Q��� Q��� Q��� Q�������    N@A 1�N@A 1�N@A 1�N@A 1� Q� Q� Q� Q� R�QS�� T R�QS�� T R�QS�� T R�QS�� T    

����    �- U�- U�- U�- U     ���� �� ���� �� ���� �� ���� ��))))�'�#+�'�#+�'�#+�'�#+ ( ( ( (   ���Q� ��Q���� �Q& TE���   ���Q� ��Q���� �Q& TE���   ���Q� ��Q���� �Q& TE���   ���Q� ��Q���� �Q& TE��� � � � �

:#� ������:#� ������:#� ������:#� ������.... 



  

�¹ر و از �pد¸·µ¶Y | ´²³' ا ±�ن از � و ا�f N   ®¯ % � ��°Qس ¬»   

�/ �Ä / روز�hران �ÂÃ%� / ¤%د�� ا �ÀÁ¿ و¾�د±�ن 4 >7ا½  +�f Nس ¼�«º' ¤%±�ر و �	.�sن ا  

, ÅÆÇ س�f N+ !� 4 ن�ÈÉدا�  �د رسی�ر	و ¤%� �sا  > �Ê�ËÌ N ن�ÈÍ�B  < و �س  �ی�	ا  

� , وvwx س�f N+  Î < Ï ÐÑ ¿Òن 4 ��� �!و�ÈÓ �BC  

  

   

N �-�ÔN �-�ÔN �-�ÔN �-�Ô        

r <�. ر و�]r <�. ر و�]r <�. ر و�]r <�. ر و�]ttttمممم        
    



='�(� :#"��='�(� :#"��='�(� :#"��='�(� :#"��        

����?����?����?����?                                                                                                                                                             �@���@���@���@��        
='�(� :#"��...............................................................................................................................................................:�0  

���	�..................................................................................................................................................................................4  

�*� VB��*� VB��*� VB��*� VB� : : : :���N����N����N����N�        
���N�...................................................................................................................................................................................J  

X*� VB�X*� VB�X*� VB�X*� VB� : : : :�-�-�-�-    ���������0�0�0�0����    ��"@&��"@&��"@&��"@&����        
J I4 ����� Y+�- Z&�A�!.......................................................................................................................................................[  
J IJ ��1) �\"��....................................................................................................................................................................]  
J I5 1�� +�^�......................................................................................................................................................................._  
J I5 I4 1�� +�^� R����.........................................................................................................................................................._ 

J IL ���"@& ��0�3�..............................................................................................................................................................6  
J I[ �'�3� ���/..............................................................................................................................................................44  

J I] �#��0 �%�`��a� ������............................................................................................................................................4J  

J I_ �	
� R����X���� ��0...................................................................................................................................................4L  

J I_ I4  �	
��bEb�.............................................................................................................................................................4L  

J I_ IJ �	
� ������.........................................................................................................................................................4[  

J I_ I5 �	
� "E�*" �-........................................................................................................................................................4]  

J Ic ����%�`��a� ��0......................................................................................................................................................4_  

J Ic I4 8�%NA��� ���& "& �%�`��a� ��0���&� =%>..........................................................................................................4_  

J Ic IJ ������	30"& ��0................................................................................................................................................4c  

X�# VB�X�# VB�X�# VB�X�# VB� : : : :"d�"d�"d�"d�    "# $%& �"# $%& �"# $%& �"# $%& ������0�0�0�0����    ����������������    2�&2�&2�&2�&        

5 I4 �"# $%& Y*+�0......................................................................................................................................................JJ  

5 I4 I4 ���� �� $%&U� �- ��..............................................................................................................................................J5  

5 I4 IJ ���� 2�& ���� $%&................................................................................................................................................JL  

5 IJ e�"��0......................................................................................................................................................................J[  

5 I5 �"# ��'��)�0...............................................................................................................................................................J]  

5 I5 I4 �
%� Y*+.............................................................................................................................................................J_  

5 I5 IJ �- = "NA...............................................................................................................................................................J_  

5 IL ,� � ) ���..............................................................................................................................................................Jc  

5 I[ ,� � ) ��� �2�& ���� $%&...................................................................................................................................57  

:�0 



5 I] '�A�"# �� ^- +���"� `��a��%� ) ��� � ,�.............................................................................................................5L  

5 I] I4 �	
� ��&"�............................................................................................................................................................5L  

5 I] IJ �	
� ������.........................................................................................................................................................5_  

X+��� VB�X+��� VB�X+��� VB�X+��� VB� : : : :����������1) e�"� ����1) e�"� ����1) e�"� ����1) e�"� ��        

L I4 ��1) e�"� $%&.........................................................................................................................................................L]  

L I4 I4 �
#�@� Y+�- Z&�A...................................................................................................................................................L_  

L I4 IJ �
#�@� �%�`��a� �+���" ^-...................................................................................................................................[J  

L IJ f"
�� �0 ���............................................................................................................................................................[[  

L I5 ��� XY....................................................................................................................................................................[_  

L IL ��� �%�`��a� �+���" ^- �#+"& XY ��&"� �	
� �*+ "&.........................................................................................[c  

L IL I4 ��� ��� +� �0 XY ��&"� �	
�............................................................................................................................[c  

L IL IJ �� ����� ��9 * �0��� +� �0 XY ��&"� �	
�....................................................................................................[c  

L IL I5 �
#�@� "�� ����� �+���" ^-.................................................................................................................................[6  

L I[ ���  !A ��"��%30��.............................................................................................................................................]7  

8g�- VB�8g�- VB�8g�- VB�8g�- VB� : : : :"�� �g���"�� �g���"�� �g���"�� �g�������        

"�� �g����.......................................................................................................................................................................]J  

----����:#�:#�:#�:#��0�0�0�0        

-�h'� :#� :�	A�!�0� ��� $%&� 2�&� ) ��� � � +� ,��"�� ���..............................................................................]L  

-�i :#� :�	A�!�0� ��� $%&� 2�&� ) ��� � � +�j> +� ,�����.............................................................................]]  

-�k :#� :"
/ :�.?� e�"��0� �	A �����................................................................................................................]c 

-�F :#� :e�"� ���3��0� �	A ! �� * �	A ����� �	
�� �&"��................................................................................._7  

-�l :#� :e�"� ���3��0� �	A ! �� * �	A ����� �	
�� ������.............................................................................._5  

-�m :#� :� $#����"� :�2����..................................................................................................................................._]  

n :#��- :e�"� ���3��	A !  ��0�	
� :&�o ��"30 �& ���) ��1) ���&"� �	
� �*+ "& �0............................................_c  

Z/�"�................................................................................................................................................................................c7  

	��E�� ���%�.................................................................................................................................................................cL 

        

�� 



        

        

        

        

        

        

        

        

        

        

	�	�	�	�������������        

� +� #+"& �& ���&� p0*q- U� �) �� � *+ "& ,�� �	
�� ��& *�� �&"�� *   $Q%& Y*+ �& ������ "Q#�  �Q���  2�Q&   �Q� �Q�9��"-.   �Q&

$%& Y*+ 1� �����#� "#� ���� ��� $%& O2�&� 2�&� ^- +���"� `��a��%� �� "�� ���) ��� � a�*"� ,�`���*+ "& r� �&"� �	
��  �A

�
A"�� 4J �� �
#�@� ."NA !3� �& rs# �- =  �&'��)�� "# $%&� ^- "+���� `��a��%� ��   * �Q�9��"- "�Q� ��� �Q���  Q��"@&�  �Q3� *� 

��"@&� �� �
#�@� .��� $%& F.3/ ����A U��+ 2�& �& ��� �� ����� ���� P� ��"@&�  �& ��? +��N� !� tC�� ��� V���� .��� �Qg�� 

 ��"NA !3� �&  �- =�"&� �3�� ��"@&�  �� V��>�
A"� U��+ 2�& �&� S"� T&�(� $%&�� '�3� ���/� �
(A +�&�9 T� �3� �&�  Q��"@&� 

) � �&"� ,�� ;� V> �&� T��&. +�` �&� � ����� ���A�"# $%& F.3/ ����A ��"& 2�& �& �� :�"� �g� ���3� �& ���A�  ���) :#� �&

;� V> 1��) ��� T � �&"� ,�� #+�� .��� $%& ����� +�� 2�&� ^- +���"� `��a�� Q%� � Q�  "�Q� ��� ) ��Q� �   ̀ �Q�a�*"� ,Q��  ��Q� * r

) � �"A ,��
� `��a�*"� p�	30"& *� �&�r  * `��a�*"���- p�	30"& !��� * r) � � �"A ,��
�   ̀ �Q�a�*"���- p�	30"Q& *� �&� r

 * `��a�*"� p�	30"& !�) ��� * r � `��a�*"���- ,��*+ "& r� ��& *� �	
�� �
A"� �A ������� 4J  "NA !Q3� �Q& * �
#�@� Q  =

E@A �-��� V .�	
� ������ �	
��� u�vEb� 1� V	��� �*�"& "�0� �- :#� � .���  V��> P� 1� #+"& U� � �&   �Q� ��Q& F+�� U   ��Q� *�

) � `��a�*"� ,��) ��� * r � �"A ,��
� *� �& `��a�*"���- p�	30"&� * r *"� p�	30"& !`��a��     +�Q��+ �&�Q�� .��Q� +�Q` �& r

���@� �& ����� ��� ��� &��"@� �"&�  "0"NA ��� *�  +� �
 ��� !� ��"@&� � w+�0���.  �Q3��  Q��"@&�  ̂ Q- +���"� `��a�� Q%� � Q� ���

 "���  ��� *� US"� �& T&�(��'�3� ���/ �� %& T&�(A +��&�9 +�� �3� �&� ��"@&� �"& ���) :#� �&� ^- +���"� `��a��%� � Q� "�Q� ��� 

) ��� � �&"� ,�� ;� V> �&� T��& .+� ��� ) ��� *� �+�� � �"A ,��
� `��a�*"� p�	30"& *� �&� * r ! `��a�*"���- p�	30"&� r

) ��� * � `��a�*"���- ,������� "o� :E? �& r� `��a��%� 0�1�� +�^� ���� x�   �Q�� ��0�Q��.     ̂ Q- ��1) e�"Q� $Q%& "Q9) +� +���"� 

`��a��%� �� ��� "�� ���XY *+ "&� �&"� �	
��  �
A"� �Ac �
#�@� �� .��� � 1� V��> P  Q#+"& U�   1�Q� +�^Q��  �"Q& �+� � Q # U�  8�Q%

���� ����.  

E� F�3E�E� F�3E�E� F�3E�E� F�3E������������� :) ��� �  y,�^-y������ �	
� +���"� `��a��%� �� "Q# $%& y"�� ����  �Q���   y2�Q&  y��1) e�"Q� $Q%&   ��Q�XY y 

�"��%30���  !A ��� 



J 

 

 

 

�*� VB��*� VB��*� VB��*� VB�        

���N����N����N����N�        

#+"& +�� ��"@& +���+� �- ���0� ��� 	� Ou +��V> i��0� ;�� T�"& ��� 3� ����A� 1�#�8�% �Q0   O�+�� ��Q/*

Y*+�0� ������ :;� �&�0�  F*���� :Q#� ���+ +�	&  � �Q� Q Y*+ U  �Q& �Q0  "NA �*"Q� *�  E@A F�Q
� QE�  Q� *��� �Q0� 

��?� %NA�� 8�����.  "0 � 1� !  U�����0 �+��� S * F�; z�N���� ���%0 .� * U  Q�q�   Q� vQ?�&� ����Q�  �"Q&� 

 V> Y*+ 1� �E{%� !�0�  ��Q?�    ��Q� �����Q#� hQE�C�.  Y*+"NA  E@A F�Q
� QE�  Q�*+ O�  �Q;�    �"Q& V	Q�� �Q��� 

1+� &���0� ;��� T����& '�> +�� ��  Y*+�����0� ��?�%& Y*+ O��; +�� � ��#�A V&�;*����&.  

 	� ���# 1�"A � U Y*+ U"d� O�0 �� ��� �������U| :#�. � "d� U ��s3�� �& ��  9 * :Q�� 1�� �Q0��   ��Q/��

�& �	
� +� � V}�%� V>��1��"-. Y*+�0� � "� � Y*+ ��~30�� ������� � * �}��Q�2 U Q�� ��� Q���� Q��+* U�� 

� �.�� +� 9 * :�� "o� ��"� �+�* �& Y*+ U�    F+�Q� �Q& �Q0�    :Q#� ��Q� �Q}�+� �.�Q9�. Y*+�  "Q "Q(; Y*+ O� 

                                                                                                                                                                 

 

1 Mean Field Theory 
2 Variational Mean Field 

 



5 

 

 

 

;� ��"��T| �����&�"& ��O� #�8�%�0� � ��"& +�� �& !�������. Y*+�0� ;��T"A� ���"& ��  Q#+"&� #� 8�Q%-

�0� ��"@&� �E3/ 1� �� :#� ��� �����#�� �)� �0� Y*+ �& ���A
��1�# �� �������� #.�*� �'+�Q� :��� !�  *

"A�� ��N��� r� Y*+ *�0� Y+�g��& 1�& * �& 1�& �*"� �q "A�� Y+�g��& '�� r�� *   Q%-� $Q%& Y*+�UE)ε (  �+�Q��

�"�.  

 Y*+ "& �*.?�0� �+�& ��#� ��� "��� Y*+ 1��0� "d��   # ���Q9 �Q��      �+�Q� 1�Q� +�^Q� ZQ;�� +� �+ 8�Q%

#+"&� � +�";�Y*+ O��0� "# $%&��0 :#� .����� "# $%&���? +��&� O�0� -����"��� �"& �� :#��   F�
Q#�@�

���� ��� "d� !� � +�� �&���*+ .� �
#�@� +� Y*+ U� �0�3�* ���� ��"@&�  �	
Q� �Q0�    �Q#��0 �Q& ��+ * �Q0 �Q0� 

'�3� ���/� �+�� �"&+�� hE�C� .� � U�;� 1� ���T"A Y*+ U �Q0�   :Q#� ��Q/��        F.Q3/ ���Q�A ��"Q& 2�Q& �Q& �Q�

"#����  O ��N� �& �) P ;� "�%& T���� +� � !����.  

� � U� ��9 ��"# $%& :3%; *� �&��0� ���� 2�&� "# $%& *��0� ���� �-� U� %NA�� 8���� .  "Q# $Q%&�-

�0� ���� �-� #+"& �& U� #�8�%�0��� +� �0� ��� � "�� !��1��"- .� +� "# $%& R�� U�   9 �Q�� ��Q�� QE�  �Q-� U 

:#� Z
A �& * �) \"��� #��- 80 8�%�  U:#� �"&��& "# $%& "���+�- U�O +������ \"�� 1�� �- :'�> Q # ��  :Q#� 8�Q% .

 "Q# $%& +� ���� �Q0�  �Q���       ��Q& �Q0��9 F*�Q��� +�Q� �Q�*+ 2�Q& .� +� Q  Q� U�   �Q�� :QE? �Q& ���     $Q%& "���+�Q- 2�Q&

�)� � 1 ��	⁄ (� i�C�������.  

� 1� e�0� X�g� #+"& �\*"- U� ) ��� � ,� *+ "&� ��& *� �	
�� �&"�� *  ������ "Q# $%& Y*+ �&� �Q0� 

����  2�&:#�. � 1� �����#� �& � U� ��^- +���"� `��a��%� � �
#�@����"@& z�N� "9) +� * ����  �Q3� *�  Q��"@&� � 
� :#� �&�) �.  

 VB� +�J �- ����� ��� `��a��%� S�A�� ���� ����� . VB� +�5 "# $%&��0� ����   2�Q& QS�A� Q� ���� ��-

 ��� +� * �������� $%&� 2�&� ) ��� �  ,�*+ "&�  Q�&"� �	
��   Q#++"& �Q����� *�  Q�� ��Q� .  VQB� +�L   $Q%&

                                                                                                                                                                 

 

1 Exact Diagonalization 
2 Monte Carlo Simulation 
3 Transfer Matrix Method 
4 Density Matrix Renormalization Group 
5 High Temperature Series Expansion 
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2 Gaussian fluctuation 
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