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E∗ = E/J h∗ = h/J T ∗ = TKB/J.
��Éq�

¤2t��-�Bx-|qvQ}�~��q�I|-x-y�{Ê}.|7{5y�vQË�o�p=�Qoqp+z�o�vTr«x-yz�o9}�o��Qo7}.twruo�r=}�o�z�|qpu��ÅB}�o�£8ª«zQ~+y���}.|7{5�I|7psr�o�{5y�vTr=��pu|q�5x-y�z��Q��vTr<}.pu��rut�}
7y x-y.ruy�pu{�t�vQo�r��Iy�pz�o5z�zwy�t¡�

Cv = |t|−α,
�¡Ì7�

|7v
t = T−Tc

Tc

£�Í��Q~+y�puqy�{Î��vQo$}�z�oqpuo�~+twvQ q��z�o�put�r�o
r �By�p
T = Tc

�Rx�� |7vg�B|-x-y�{Ïo
ÅIp+{�o�p z�� y.�-t�~sr+��vQ}.t�o�xY� o�z� q��vQo
rupuoqvQ~+t�}�tw¦�x-y&�Èoq~+yq£�Ð�v_puy�~+��zwruo�r:tw{5�B|qp+ruoqv7r�x-y&z�o�����~+t�}�o$yD~ir�oqx-��~stwr+t�}�o��D~�z�� oqv�|q{5y�vQo
r&ÑÓÒ�Ô
Õ+Ò�Ö5×gØqÒ9Ù�ÚQÛ�Ñ¡ÚQ×7Û.ÜÈÝ�Þ
Ø�Ü�ß�ß�Ü àQ×qÛ�ÜÈÝ
£�¤�T��y�~sr�y�vI~oq~u~sy� q��p�o:�T��y z�o5}�o��Ioq}.twruo�r�}�o�z�|qpu�wÅI}�oQ�7y�vdyD�T��twz�t���p+t��-ÆQo�x-y ~uo
rut�~s��y�pz�o�p+y�z�o7}.t�¦Q�

c∗v =
Cv

NKB

=
d < e∗ >

dT ∗
,

�ÈáT�
|7v

e∗
��~z�� y�v�y�pu qt�o��Iy�p��Qoqpsru��}���z�o�t8y�z���pu|q{5t� �~�� y�vTr+y�v$~s|7��p+y x-tw��y�puy�vTr�~y�~sruo�ru~�xY� y��T��t�z�tw��put�£�¤â�QoqvQx�o5xY� oq�T��y�~sruo

{�oq qv�twr+�Qx��«y�z��Qo�p���{5y�r+puy&�Iy�p²y���}.y�z
·
zw��vQ}.t�oF�T��y�y�vQ~�t�vQx-t�}�o�z�� y.�-t�~sr+��vQ}.t�oFx�� ��vIo$r+p�o�vI~st�}.t�¦Fx-y��Èoq~+yU�D~:z�� oqv�|q{�¢

y�vQo
r��Qoqpu�q{5y.r+puy�x�� |7pux-puyq�
x
��o�{:�ãz�oF��pu|q�Qtwy�ruo
r�xY� o�v���z

·
z�o�p+¢Ó~sy�v�|q{5��~5�By�p

T > Tc

£ãnRy�z�}�o7~��<�Iy�p�y��-y�{5��z�yq�
��y�p+pu|q{�oq qv���r+t�}��

x
}.|7p+puy�~+�I|7v�o�z�o²{�oq qv�y�r+twr+¥�o7}.t�¦5 qz�|q�QoqzWx�y�z!~+t�~sr+y�{�o���x-y�ÅQv�t�x�o�}.|7{d�

m =
1

N

N
∑

i=1

Si

��äq�

∗ åGæ¡ç�è
ç�é©êRësìií�î ïGð7î ësé

³



���������	��
 ����������������������  ��"!�!#�%$'&��%�)("����* +-,/.)0�1�2/3'142654798�:);=<?>@7BADCE:)8F,�G@79>?<

H²� oq�T��y�~sruo&��|qpu{�o�Iso&�B|-x-y�{ 7y���puy²}�|q{´z�o&{�o� 7v�y.rut�ru¥�oq}�tw¦&��y�pup+|7{5oq qv���r+t�}�o&~+y�{5��puy:~+y�p��&¥�y�pu|&y�v§y�z�}�oq~9o�vTrut�¢
��y�p+pu|q{�oq qv���r+t�}���puoq¦²�By�p2z�o5�T�Qo�z���~�� ÆQo5x-y�x�y.ÅQv�t�p���vdv�|7�d�Io�p���{5y.rup+y�xY� |qp�x-p+y7£

·«¸KJ LNM�O+½QPYÁ�RSP	TVUXWYU Á�Z
ª�z�{5|-x-y�z�x�� ¬i~+twvQ $v�|q{5��~�yD~ir���p+yD~s|7z�r�oqvQo�z���rut�}�o�{5y�vTr�ÅQvQ~:o�ÉG¢#HÎ�~s|7zw�I}.t�¦�x�� Í�vQ~uo� 7y�p:�.£&n�y�p:Ì�¢[H vQ|q{5��~

�B|-x-y�{ t�v7ruy�vTruoqp�r+pu|q�Qoqpz�o�~+|qz��Q}�tw¦5v���{5��put�}�o�{5y�vTr|5��y�vTr2oq��p+|G�-t�{�oq}.t�|qvI~�£=Ð�vIo�xY� o7�T��y�~sr+yD~o���pu|G�-tw{�oq}�tw|7vQ~���~
z�� o�v�|7{�y�vQoqxQoUx-y5}�oq{��F{�t� Q£ ª�v§oq�T��yD~ir�oU~+y²~+���B|7~uoU�T��y�y�z�~�yD~s�QtwvQ~�y�~97y���y�vFo
��yD}�ruo�ru~��Iy�p���v§}�o�{5�Fy���y�}�rutw�
�Qp+|7{�t� &x-y� q�-r2o�ru|�ruo5z�o5puy�~sruo�xY� y�~+��t�vQ~�x-y�z�o���o�p+��o�£FH²� o7�7�Qy�~sruo���|qpu{�o���z�� y��T�Qoq}�tw¦$�s³D���By�p��Qv�~s|7z�y�~+��t�v�x�y�z�o
��oqps��o�~�� y�~u}.putw�!�

H(S0) = −JS0γ < Sj > −S0h,
�K\7�

|7v
γ
��~9y�zRvQ|q{:�Qp+y�x-y²�Qp+t�{5y�p�~�7y�µ�vQ~�tRy�z���p+|7{5tw 

< .. >
~�� y�~sr+y�v§�Iy�p9r+|�r�oUz�o���oqps��o�£ Ð�r+t�zwtwr+¥Do�vTr v�|-}.t�|qvQ~9x-y

����~+t�}�o5y�~sruoqx���~sr+t�}�o²y�~�B|�r�7y���puy�}.|q{��Iy�p
h = 0

�Q~�� |q��r+����vQo²r+y�{5�Iy�puo�r+��p�o5}.pu��rut�}�o��

T ∗

c = γ,
�[]��

^`_�ab_c^ dfehg�i?jbkclnm)o�kcprqhs-tug�m)v`v4w"xYkcyKyckcm4lnz
¯-y� q�QtwvTr�z�o�{�o
r+y�t���o�ÅQz�|7~+|�ÅBo�x�y�z8}�o�{5��{5tw I�Qy�v�o7�T��y�~sruo5o��Qp+|G�-t�{5o7}.t�¦�~+y:~+���B|7~uo��7�Qy z¡� ��v�t�} |qp�x-puy��T��y Æ�t

ÆIo���~�oq�T��y�z�z!�T��y��Qp+|
7��x�y�z!z�z�o�pu 5oq�Qoq~sr�¨I�Q�q~+t�}�o�{5y�v7rD��y�zR�T��y�y�~��Èo���~2~s���B|7~uo�p��7�Qy z�o��Qp+|7�Qo���t�z�t�r�o
r2x-y rup+|7�Qo�p
x�|7~�y�~+��t�vQ~��7�Io�z�~+~+y�7|qzWx-y�zW{�o
ruy�tw�U~st� qv�y9��~�z�o:{�o�r+y�tw��o²�T��y�r+pu|q�Io�p���vQo²�Qo�puy�z�z�o²xY� y�~+��twvI~<t� q�Io�z�£�¤2{:�doq�T��y�~sruo
oq��pu|G��t�{�oq}�tw¦I�ByD~9�I|qr9rup+|7�Qo�p9��vQo�����vI}.t�¦�x�y��Io�p+r+t�}.t�¦U�By�p z�� ±�o�{5twzwr+|7v�t��§�s³D���8x-y�ruo�z���|7p+{�od�T��y�~�� o�pup+t��QoUodz�y�~
yD�T�Qoq}�tw|7vQ~��

T ∗

c = γ(1 − (m|Tc
)2),

�K{qo7�
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E = E0+∆E
¨q~+t

∆E > 0
r+t�p+y�{ ��v

vQ|q{:�Qp+yo�z�� o�r+¥�oqp���v�tw��|qpu{�y
ξ ⊂ (0, 1)
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ξ < exp(−∆E/KBT )
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vQ|7~��T��y2y�z�~«��pu|q{5twrcIi|7~«y�~«puy�oqzwtwr+¥�y�v�y�v�y�~sruo
r�~«xY� y��T��t�zwt���put¡�7��y�{ y�zQ��pu|q{5t� �o �Qo�p+r+t�p�xY� ��vU}�y�p+r«v�|q{²��puy2x-y��Qo7~+~+|7~
��|qvTr+y�¢��oqp+z�|Q�
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n�|-x-y�{ qy��Qp+y:}�|q{´
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�8t� q�Qpuo�É-��ª«7|qz��Q}.t�¦�x-y�z!�Qo�p���{5y.rup+y�xY� |qp�x-puy��By�p2x�t���y�p+y�v7r�~
T ∗
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T ∗

c
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h = 0

�<|7{5y�vQ}�y�{´~st�{:��z�o�vTr���v�~+t�~iruy�{�o&}.�Q��t�}:x-y:}.|T~ir�o
r
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·
z�o�y�v$ru|�r
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r+�Qpuo�}.pu�wr+t�}�o$oq�T��y�zwz�ody�v �T����y�z«�Qo�p���{5y�r+puy5x�� |7pux-puy5�Qo
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T ∗

c = 4.59
£
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L = 40
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odx�y�z��Io�p���{5y.rup+y

x�� |7pux-puy ~�� o��Qp+|G�-t�{5o:{5��~o�z!Goqzw|7p�¥�y�pu|Q£
ª�z�~
oqzw|7pu~�|q��r+t�v� q�-r�~�By�p

T ∗

c

y�v�rup+yD~~st�~sr+y�{5yD~x-t���y�p+y�vTru~�ÆQoqvdyD~ir�o
rD�

L T ∗

c

20 4.59
30 4.54
40 4.52

�8oq��z�oU³7���!y�{��By�p�o
ru��puy�~�}.pu��rut��T��yD~��Iy�p2x-tw��y�puy�vTru~�r�o�{�o�v?�-~
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� Ü��DÒ � Û�×
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o��B|q�I~sy�p+
o�vTr2o��7�Qtwv��Q��vTr9}.|7v�qy�pu qy�t���y�z
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�8t� q�Qpuo {��=n=o�p���{5y�r+puy9xY� |qp�x-puy��By�p�x-|7~�r�o�{�o�v?�-~�x-t���y�p+y�vTru~
n�|-x-y�{´��y�p9��vQod}.|q{5��pu|

oq}�tw¦&x-y�zRr+y�|7p+y�{�o&x-y �Q�Q}�ru�Qoq}�tw¦q¢©x�t�~+tw�Ioq}.t�¦F�Èy��T�Qoq}�tw¦g��á��s��£�ª«v§z�oUÅQ 7��puoF�c�7�2y�~sru�

puy��Qp+yD~sy�v7r�o
r�y�z�~!Goqzw|7pu~�vT�Q{���p+t�}�~8x-y«z�o�x-y�p+t�
oqx�o�x�y«z¡� y�vQy�pu qt�o��Iy�p!�Qoqpsru��}���z�o�tqy�v:zwt�v�y�o2}.|qvTrutwv��Qo�yD~ir��p+y���puy�~+y�vTruo�r
z�o�}�oq�Qoq}�t�r�o
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�¸KJ � TVUXW T�W O+Á�P	TRÃ'Â M Â�½QO��
h 6= 0

���Io�ve~�� o���z�t�}�o���v_}�o�{5���!y�z�~ y�~+��t�vQ~ x-y�z<~st�~iruy�{�oUr+y�vIx-y�tw�-y�v_o�o�z�twv�yDo�p+¢©~+y5o�{:�gy�z«}�o�{5��£�ª�~9rupuo7}�r�odx�� ��v
�Io�z�o�vQË:y�vTr+puy²z�o&t�vTr+y�puo7}�}.t�¦

J
t�z�o&��pu|
q|-}�o7x�o5�By�z=}�oq{��

h
£�n�y�p�r+y�{5�Iy�puo�r+��puy�~9o�zwr+yD~��

T > Tc

���Yz�o&t�v7ruy�p�oq}�}.t�¦
o�r+�7{�t�}�o

J
��~²vT�Qz

·
z�oQ�=�Iy�p:r�o�vTr��<o�z�o���z�t�}�o�p²��v'}�oq{5�'y�z�~²y�~+��twvI~²~�� oqzwt�v�yDo�p�o�vey�v)z�o§~sy�GoFx-twpuy�}�}.t�¦F��pu|
q|-}�o�vTr

�QvQo5{�o� qvQy.r+twr+¥Doq}�tw¦²��y�pup+|7{�o� qvQ�.r+t�}�o:v�y.r�o�x-tw��y�puy�vTr�x-y ¥�y�p+|I�-z�o5�T�Qo�z�}�|7~uo��Èo��T��y����Q q��y�{�y�~sr+�Ix-t�oqp���r�o�{²�I�7��z�o
~+�Q~u}.y��-r+t���t�zwtwruo�r��y�pup+|7{5oq qv���r+t�}�o²t�~+|�ruy�pu{�o²x-y�ÅQv�t�x�o5}.|7{d�

χ∗ = N
< m2 > − < |m| >2

T ∗

�s³ �7�

\
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�8t� q�Qpuo ��� �<|7{��Qp+|

oq}�tw¦5x-y�zWr+y�|7p+y�{�o�x�y��I�Q}�ru�Qoq}�tw¦q¢©x-t�~u~st��Qoq}�tw¦

�Rt� q��p�od³ ���Rn=o�p���{5y.rup+y xY� |qp�x-puy��By�p�x�t���y�p+y�v7r�~
o�z�|qp�~�x-y Æ
H�y2z�o ÅI q��p�o&�i³ �7��|7�Q~+y�puqy�{ }.|7{ o {5y�~+��puo:�7�Qy�o��Q q{5y�vTr+y�{Êy�zY}�o�{5��z�o ruy�{5�Iy�puo�r+��p�o�}�p+�wr+t�}�o�x�t�~+{5twv���y�t��Y�

puy�~+��zwruo�r�y�~+�Iy�puo�r2~st�y�vQ~ÅQ��y�{�y�v$z¡� y��T�Qo7}.t�¦��K{qoT��x-y:}�oq{5�d{5t� Q¨BxY� oqz�rupuo5�Io�vQx�oQ��qy�twy�{ }�|q{�z�o�~+�Q~+}�y��-rutw�Qtwz�t�r�o
r
��y�p+pu|q{�oq qv���r+t�}�oU��ÅQ q�QpuoU³q³D�<o��Q q{5y�vTruo:ÅQvQ~��T��y ~�� o7~+~+|qz�y�tw��z�o:r+y�{5�By�p�o
ru��puo�}.pu�wr+t�}�o²tWr+|qpuvQo²o²x-t�~+{�t�v���t�p�o²¥�y�p+|
�By�p

T
oqz�ruy�~����7�Io�vdy�z!x-yD~s|7pux�p+y�y�~��Èo�{5��~t�{5�I|7psr�o�vTr��T��y�z¡� |qp�x-puy9yD~ir�o���z�y�p+r�Iy�z!}�oq{5��£

��_�ab_c^ ��kKm)v�g�m4lnmDqhs��[m)z=s�z
ª<~iru�Qx-t�y�{Îo�p�o5y�z�x-t�o� 7puoq{5o5x-y:�Èoq~+y�~�£ª«vQ~9~stwr+�Qy�{ o

T ∗

c

t8{5t�p+y�{ }�|q{ 
o�putwy�v$zwyD~�x-tw��y�puy�vTr�~�{�o� 7v�t�ru�Qx�~9o�z

oqp+t�o�p�y�z<}�o�{5��£&¤ z�o�ÅQ q�Qpuog�i³GÉq�9Æ�t«yD~ir��dp+y���p+yD~sy�vTruo
r�y�z�~ x-tw��y�puy�vTru~:}�o�{5�Q~��By�p z�y�~:x-t���y�p+y�vTru~9r+y�{5�Iy�puo�r+��puy�~
}�p+�wr+t��T��y�~�£ �!o zwt�v�y�o'}.|qvTrutwv��Qoe�D~&z�o ~s|7zw�I}.t�¦ x-y§}�o�{5�°{5tw %�:y��T�Qo7}.t�¦]�c{��B�s��£��7oe�B|-x-y�{ qy���puy$��vQo  7puoqv
x�t�~u}.puy��Q�qvQ}.t�o�y�vTr+puy ��vQo5t8o�zwr+p�o�¨�~+|q��puy.ru|�ry�v$y�z�~
oqzw|7pu~�x-y�z�y�~r+y�{5�By�p�o
ru��p+yD~}.pu��rut��T��yD~��Qy�vQ}�o�p�o²�T��y Iso5y�vQ~Æ�|
�B|-x-t�y�{ây�~+�By�p�o�pD¨�~stTy�vQ~!Å��-y�{ây�v�z�o2~+|qz��Q}.t�¦�x-y�}�oq{��:{�t� 2�By�p�z�oruy�{5�Iy�puo�r+��p�o�}�p+�wr+t�}�o²�|]��.���T��y�y�v:y�z�~+t�ruy�{�o2�T��y
yD~iruy�{ r+p�oq}.ruoqv7r

γ = 6
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