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( 2011 c 8 � 24 FÂ�; 2011 c 10 � 25 FÂ�?Uv )

æ^�Å?êÐm�þf�AkÛ�{ïÄ��MØ�ÀÚ - âË��.�9åÆ5�. ÄkÏL�ÎC�
ò�.N�¤����c^O°ÜË�.. C����.'Ï~�°ÜË�.õ��, T��'uXÚ��:o
ê N , éu�âfê�XÚ, T�¦�[Ñ��êO\, ¤±J±O��âfêXÚ. æ^�Û�ö�Ì��#�,

ù�(J�±��éÐ�)û, �¦âfêoêO��AZ�. ïÄ(JL², âfê�Ý3 0—0.5 ��SO��,

Uþ¥4~ª³, ¿ªu,�½�, �X��¬�XÚºÝO�, Uþ���O�; ��¬�XÚºÝ�½�, Uþ
Ú^zrÝ�X§Ý�,p
O�, zÆ³�CzéUþÚ^zrÝvkK�, Uþ�X��¬�XÚºÝO�

O�, ^zrÝ%��~�; ��¬�XÚºÝ�½�, zÆ³�O�é'9vkK�, �X§Ý�,p'9Ñyk
O��~��ª³, ��ªu,��, ��²ï, 
��¬�XÚºÝ��, '9­�O�Ü©�ª³��, ~�Ü
©�ª³��²w, ëìK��6nØ, �©�[�UþÚ'9­�ª³�K��6N�.e He II �nØïÄ�
�; ØÓ��¬�XÚºÝ�K�Ø�, þ!^zÇ�ê3 0—0.5(J/kB) �$§��Ské��ÅÄ, J �ÍÜU,

kB �À�[ù~ê, §Ý3 0.5—2 (J/kB) ���S, þ!^zÇ��ê�X§Ý�,p
O�, �­��ª³w«

�«aqCB1�.

'�c: þf�AkÛ�{, �Å?êÐm, MØÀÚf, ÀÚ - âË��.

PACS: 02.70.Ss, 02.70.Uu, 05.30.Jp, 71.10.Fd

1 Ú ó

� 6 ! À Ú - O Ï d " v à (Bose-Einstein
condensation, BEC) y���´ÔnÆ['5�
9:¯K [1]. 1995 c, �Û.õ�Æ Cornell �
| [2] 3¢�¿¢yw7á�e�fvà. 1998 c,
Jaksch � [3] nØþy²
1¬�¥�ÀÚ�e�
f�3l�6�#Aý���þf�C. 2002 c,
Greiner � [4] 3É�u1¬���fíN¥¢y

l�6�#Aý���þf�C, ¢�þy¢

 Jaksch �nØýó. d� BEC ¥��6ý�N
�C©ª´¢�!nØÔnÆ[�Ó'5��:.
2009 c, Pollet � [5] y²
���!>.ÃS�À
ÚNX3�6Ú#Aý�N�mØ�3���þ
f�C, ¦�æ^UÁþf�AkÛ�{, uy?
ÛÃS³|�ÀÚXÚ3�6 - ý��.�9ÙN

CÑ�Ø , �8��¢�Jø
nØÄ:. 2010
c, Bakr � [6] 3 87Rb ü�f�þ&¢
�6�#
Aý�N�=C. 2011 c, Crepin � [7] ^rÍÜ!
|Ø!­�z+Úþf�AkÛ!�ÝÝ
�{
©ÛÚ�[
ü^ïFfAÛ�.þ�MØÀÚ
f�Ôn1�, uy3�÷Úî����a���
¹e, MØÀÚf¬u)�F�#Aý��C, 

gd¤�fE?u7á�C; 3âfê�÷�¹�
	, MØÀÚfE¬u)± Luttinger �N�ê Ks

�A:��6�C, ��Ý3 1/2—1 �m�¬k¤
Cz. þãïÄÑ±ÀÚ - âË��.�nØ�.,
ù´Ï�3Ä�XÚ¥, âfm�3ér��p�
^, 
±üâfCq�Ä:�U�nØ�Ñ
ù«
�A, âË��.�¹âf�ÄU�Ú�p�^�,
�Äùü��m�¿�, �±éÐ/)º�6 - ý
���þf�C [3]. ®k�'u�6Ú#Aý��
C [7−11] �ïÄ�õ´æ^�6�Ý5���ä´
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ÄÑy�6Ú#Aý��C��â, 
,��­�
ëþ —– UY [12] %�k<'5. �©æ^þf�
AkÛ (quantum monte carlo, QMC) �{�[ïÄ
�CL§¥�Uþ�'�Ôn5�.

2 �Å?êÐm (stochastic series ex-
pansions, SSE) �{Ìg�

QMC �{g 20 ­V 80 c�@ÏJÑ��,
��´éõNÔnXÚ?1ê��[��k��
{��. T�{�~·ÜïÄk�§Ýe¬��M
�îþ, ~X, °ÜË�.ÚâË��.. k�§Ý
e� QMC �±^5�OåÆþ�Î�Ï"�

〈A〉 =
1
Z

Tr
{
A e−βH

}
,

Z =Tr
{

e−βH
}

. (1)

3��M�îþÚ�����¹e, I�ÏL�

E|5ïá�/�m {Ci}, ù�Ï"�Ò�±�¤
²;/ª:

〈A〉 =
Tr

{
A e−βH

}
Tr { e−βH}

→

∑
i

A (Ci) W (Ci)∑
i

W (Ci)
, (2)

ùp W (Ci) �Ï"��'��­¼ê, �/�m
�5��ûu¤æ^�=C. Ïdéu��®��
M�îþ, �±kéõØÓ� QMC �{)û¯K,
�´k
�{�\k�. �
)û�«ØÓ�Ô
n¯K, QMC �{uÐÑeZØÓ��é5�{,
X SSE �AkÛ�{ [13]!´»È©�AkÛ�
{ [14]!��¼ê�AkÛ�{�. Ù¥ SSE �A
kÛ�{3?n�3	|ÚzÆ³�¹e�þf
g^NXÚÀÚfNX [15] ék¤�.

SSE �{ [16−21] �Ñu:´�©¼ê��?
êÐm, �©¼ê�

Z = Tr
{

e−βH
}

, (3)

Ù¥ H ´XÚ�M�îþ, β = J/kBT ´�=§
Ý [22], � kB �g,ü , ¿± J �Uþü , �
� β = 1/T . 3 SSE �{¥, ÀJ�|Ü·�F
�ËA�m¥þ {|α〉} �Ä. (~X Sz ���Ä
. {|α〉} = {|Sz

1 , Sz
2 , · · · , Sz

N 〉}), Ïdò�©¼ê Z

Ðm�

Z =
∑
α

∞∑
n=0

(−β)n

n!
〈α |Hn |α 〉 . (4)

�?ê�'é�ê3ÚOþ�

〈n〉 ∝ Nsβ, (5)

Ù ¥ Ns � X Ú ¥ � � : ½ ; � � ê 8. 3 ¢
SO�¥, é n �Ã�¦Ú�±?n�3k�
� L ∝ Nsβ ??1�ä. L ��·Ü���±3þ
f�AkÛ�[�Ð©9²ï��ã?1N!: m
©�À����é��� L ��, ,�m© QMC
�#L§, ��Ñ�ä�Ý L �, �#L§6Ê, L

òO\ 10%—20%[16], ,�UY�#.
Ú\(Ü�p�^, zÆ³� µ·n(1) Ú µ·n(2)

/¤�(Ü��
µ

C
[n(1) + n(2)] (Ù¥ 1, 2 ©O�

L�: 1, 2), ~ê C 7L(�¤k(Ü��Ú��
c�:þ���Ú�Ó [16]. b� H ´(Ü� Hb

�k�¦Ú, Ïd (4) ª¥��Î Hn �±L«
�

n∏
i=1

Hai,bi , Ù¥, ai ∈ {1, 2}, 1 �é��, 2 ��

é��; bi ∈ {1, · · · , L}, �L(Ü¢ÚSÒ. ò�
Î Hn 3 n = L ?�ä, ¿�\ü �Î H0,0 = 1,
ò�©¼ê­#��

Z =
∑
α

∑
{SL}

βn(L − n)!
L!

〈
α

∣∣∣∣ L∏
i=1

(−Hai,bi)
∣∣∣∣α〉

,

(6)

Ù¥, SL L«Ú\�Î¢ÚS�

SL = [a1, b1]1 , [a2, b2]2 , · · · , [aL, bL]L . (7)

½ÂDÂ�

|α (l)〉 =
l∏

i=1

Hai,bi |α〉, (8)

éuü�g^

|α (l)〉 =
∣∣∣Sz

i(l), S
z
j(l)

〉
, (9)

Nb �¬�¥(Ü�p�^�oê, 3é���#
¥, [�²ï^�e��ÉÇ�

P ([0, 0]l → [1, b]l) =
Nbβ 〈α(l) |H1,b |α(l) 〉

L − n
, (10)

P ([1, b]l → [0, 0]l) =
L − n + 1

Nbβ 〈α(l) |H1,b |α(l) 〉
. (11)

3 MØ�ÀÚ - âË��.

�Ä�:þ�C��p�^�ü½�ÀÚ - â
Ë��. [9,23,24], ÙM�îþ�±L«�

HBH = − t
∑
〈i,j〉

(
a†

iaj + a†
jai

)
−

∑
i

µni
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+
∑

i

V1ni (ni − 1) + V2

∑
〈i,j〉

ninj , (12)

Ù¥ 〈i, j〉 L«�C��:, a†
i (ai) ©O�L3�

: i þ�) (�v) ��ÀÚf, µ �Lü��:þ
�zÆ³, ni = ρi ≡ a†

iai ��: i þ�âfê (�
Ý) �Î, t L«ÀÚâf3�C��:m�a��
Ý, V1 ��:þ�ü½�^, V2 ��C�:�ü½
�^. ��ÄÓ ü½� V2 = 0, V1 → ∞ �ÀÚ -
âË��.\þ
MØ�^���, =�¦�:þ
�ÀÚf�ê�U´ 0 ½ö 1, � ni = a†

iai, KM
�îþ [24]

H = −t
∑
〈i,j〉

(
a†

iaj + a†
jai

)
− µ

∑
i

ni. (13)

�©�Ä�:ê� L × L ���MØ�ÀÚfX
Ú, O�Å�[¥� t �UþIÝ 1.

�
{üL«MØ�å�^�, òXÚN��
���c^°ÜË�.þ, � a†

i ↔ S+
i , ai ↔ S−

i ,
±9 ni ↔ Sz

i + 1/2, N���MØ�ÀÚ - âË
��.�M�îþ�

H = − t
∑
〈i,j〉

(
S+

i S−
j + S−

i S+
j

)
− µ

∑
i

Sz
i − µ

2
N. (14)

�¤é��Ú�é���/ª�

H = t

L∑
b=1

(H1,b − H2,b), (15)

Ù¥ H1,b ´é��, H2,b ´�é��,

H1,b = −C − µ

tC

(
Sz

i + Sz
j

)
− µ

2tC
N, (16)

H2,b = −
(
S+

i S−
i + S−

i S+
j

)
. (17)

�c^�°ÜË�.�¦ (14) ª¥�¦ÚÒ
c¡�Xê�u 0, 3O�Å�[¥� t � 1, Ïd
I���
?n. 3é��¥\\K�~ê C, (
�z��Ý
�Ñ�u½�u 0, ù
?nE|¿
�UCXÚ�Ôn5�. XÚ�Ý
��k8«�
¹:

〈↓↓ |H1,b |↓↓ 〉 = − C − µ/C + µN/(2C),

〈↑↑ |H1,b |↑↑ 〉 = − C − µ/C − µN/(2C),

〈↓↑ |H1,b |↓↑ 〉 = 〈↑↓ |H1,b |↑↓ 〉

= − C − µN/(2C),

〈↑↓ |H2,b |↓↑ 〉 = 〈↓↑ |H2,b |↑↓ 〉 = −1/2.

(18)

ã 1 ¥�8«º�©OéAXXÚ�8«Ý

�. Ù¥, �%���L«g^�e, ¢%���
L«g^�þ, ümL«���(Ü�Î Hb, üm
e (þ) ����L«é��½�é���Î�^
�c (�) �g^�.

ã 1 ©OéA8«Ý
��8«º��«¿ã

SSE �{��[L§�)é���#Ú�é
���#ü�L§. 3é���#L§¥, é��
ÎÚü �Î�m����Å (10) Ú (11) ª�V
Çúª. 3�é���#¥, º��´»ÀJkõ
«�¹, éA���½�?\ï, lmï�ÀJk
o«�¹, �ÅÀJ?\ï��¹e, ?\ïÚl
mïkeZ«�Å|Ü.

ã 2 ?\ï� l0, lmï©O� l0, l1, l2, l3 o«�¹«¿ã (a) À½�º�; (b) ��L§; (c) �=L§; (d) ��
L§; (e) a�L§
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ÀJ�«º��a., ?\ïÚlmï�«
¿ãXã 2 ¤«, Ù¥1�1�ã´�#cº�
�G�, 1�1´�#��G�. ã 2(b)—(c) ©O
¡���L§!�=L§!��L§Úa�L§,
ã 2(e) ��¹Ø¬u), Ï�a�L§u)�éA
�Ý
�Ø�3.

�é���#=�Ì��ïá, ²Lé���
�#, º��a.®²(½, ÏL�é���#, ò
ù
®²(½Ð�º�Uì�½�´»ë�å5.
3?1O�Å�[�, z�«L§Ñk�Uu),
Ïd´»�ÀJäk�½��Å5. ��¬�XÚ
ºÝ���¬K� n ��²ï���, �XXÚº

Ý�O\, n ¬k¤O\, ��[�²ï��mÒ¬
��O\. Ó�, duXÚºÝ�O\, �ÀJ´»
��¹O\, u´L§C�E,, ��O�Å�[
�m�êO\.

�ÅÀJ��º��?¿��ï�?\ï, Ï
L'�VÇ���ÀJ��lmï?\�e��
º�¥, ������lmïÚ1��?\ï­Ü
�, Ì�(å. e?\ïÚlmïØÓ, ùü�ïþ
�g^�òu)UC, �©¥��g^�� ±1/2,
=�5� 1/2 �g^�C� −1/2, −1/2 �g^�
C� 1/2. ~X?\ï� l0, lmï� l1 �L§u)
�VÇ�±L«�

Pl1,l0 =

W

 + +

− −


W

 + +

+ +

 + W

 + +

− −

 + W

− +

− +

 + W

 + −

− +

 , (19)

W

 f3, f4

f1, f2

 (p) =
〈
f3S

z
i (p), f4S

z
j (p)

∣∣Hb

∣∣f1S
z
i (p − 1), f2S

z
j (p − 1)

〉
, (20)

Ù¥, ± Ò�L ±1, + ÒL«�Î�^����u
)Cz, − ÒL«�Î�^���u)
Cz.

¢S�O��[¥, ��L§²~u), 
�
�L§éXÚØ�)Cz, �±ÏLUCÝ
��
�5~�½�Ø��L§. XJz��(Ü�^þ
�¤kÝ
�Ñ��, ½ö�±òé�Ý
���
���Ü·Cz, ù
�^3ØK�[�²ï�^
�e, ��L§¬É�Ø�.

4 O�(J�©Û

��O�Å��[L§Xe.
Ú½ 1 � 100 � L × L �ü�, éXÚ?1

ý9, ý9Úê� 106 g. 3ý9�ã, I�?1
é���#Ú�é���#. é���#ÏL (10)
Ú (11) ª��²ï, ²ï�¤kº��a.®²(
á, �X?1�é���#, �é���#òù

®²(½a.�º�ë�å5. z�º�ko�ï,
O�Å�ÅÀJ��º��?¿��ï��1�
�?\ï. 2�â (19) ª½Â�VÇÀJlmï,
��1�g��1��?\ï�, Ì�(å, ,�
­#ÀJ?\ï. ²L�é���#, Ø
��L

§, �5�º��a.¬u)Cz, O�Å¬P¹
eù
Cz, Cz���ò�O�c��, Ì��
L§¥, ��¬��Cz.

Ú½ 2 3ý9�ã��?1�ªO�, �O
�Úê� 5×105 g. Äk�éI�O��þ?1�
", ,�²Lé���#��é���#, �#�
L§Úý9�ã��, �´¬òI�P¹�þ�Ð
P¹.

Ú½ 3 éP¹�Ônþ¦üg²þ, kéO
��Ì�gê¦²þ, 2éÀ�� 100 �ü�¦²
þ, ���ª�(J.

�©ïÄ
ØÓ��¬�XÚºÝ (L = 4, 6,
8) �XÚ, ïÄ�Ônþ�

E = − 1
Nβ

〈n〉 , (21)

M =
1
N

N∑
i=1

〈Sz
i 〉, (22)

χ =
β

N

〈(
N∑

i=1

Sz
i

)2〉
, (23)

C =

〈
n2

〉
− 〈n〉2 − 〈n〉

N
. (24)
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4.1 UUUþþþ���âââfffêêê���ÝÝÝ���mmm���'''XXX

ã 3 �ØÓºÝ��¬�XÚâfê�Ý�
Uþ�'X. ��¬�XÚºÝ©O� L = 4, 6, 8
�XÚ, âfê�Ý�Cz��� 0—0.5, Uþ± J

�ü . lã 3 ¥�±wÑ, �X��¬�XÚº
Ý�O\, XÚ�Uþk¤O\. ��¬�XÚº
Ý�½�, �Xâfê�Ý�O\, Uþ¥4~ª
³, �ªªu,�½�, ��²ï. �©(J�©
z [24] ¥ã 1 �(J��. L²�©�O��{Ú
�[L§�(.

ã 3 ØÓºÝ���¬�XÚ, âfê�Ý�Uþ
�'X

4.2 ÔÔÔnnnþþþ���§§§ÝÝÝ���mmm���'''XXX

Uþ´�©Ì�'5�Ônþ, Ød�	�ï
Ä
^zrÝÚþ!^zÇ. O�
��¬�XÚ
ºÝ�½� (L = 4), zÆ³ µ = 0.5, 1, 1.5, 2 �, Ô
nþ (Uþ!'9!^zrÝ!^zÇ) �§Ý�
'X, ±9�½zÆ³ µ = −1, O�
ØÓ���
¬�XÚºÝ (L = 4, 6, 8) éþãÔnþ�K�.

4.2.1 Uþ�§Ý�'X
ã 4 � L = 4 �, §Ý�Uþ�'X. lã 4

¥�±wÑ, � µ l −2 Cz� −0.5 �, Uþ­�
­Ü¤�^­�. `²éuXÚºÝ�½���¬
�, §Ý�½�, zÆ³�UCéUþvkK�; 

zÆ³�½�, �X§Ý�,p, Uþ��,p, ¿
�3p§«UþÅì�Cu,��, ��²ï.

ã 5 �ØÓ��¬�XÚºÝ�, §Ý�Uþ
�'X. lã 5 �±wÑ, �Ó�§Ýe, �X��
¬�XÚºÝ�O\, Uþ¥yÑ�½���O\;

�X§Ý�O\, ØÓ���¬�XÚºÝ�X
ÚÑ¥yÑUþO\�ª³, �ª³��. ù´Ï
�3§Ýv
p�, þf�A~f��±�Ñ, X

Ú�±w¤²;XÚ.

ã 4 L = 4 �, §Ý�Uþ�'X

ã 5 ØÓºÝ���¬�XÚ, §Ý�Uþ�'X

ã 6 L = 4 �, §Ý�'9�'X

4.2.2 '9�§Ý�'X

ã 6 � L = 4 �, §Ý�'9�'X. lã 6
¥�±wÑ, �XzÆ³�O�, '9­�ÚUþ
­���, ­Ü¤�^­�, ��zÆ³�UCé
'9vkK�, 
�X§Ý�,p, '9¥kO�
�~��ª³, ��ªu,��, ��²ï.
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ã 7 �ØÓºÝ���¬�XÚ, §Ý�'9
�'X. lã 7 ¥�±wÑ, éuØÓ��¬�X
ÚºÝ, XÚ'9Ñ¥kO��~��ª³, XÚ
ºÝ��, '9­�O�Ú~��ª³�²w. �
±wÑ, '9O��ª³�¯, 
~��ª³�ú,
'9Cz�ª³�CuK��6nØ¥� λ �C,
¿�XÚºÝ��, ª³��C.

ã 7 ØÓºÝ���¬�XÚ, §Ý�'9�'X

ëìK��6nØ [12], 3 He II ¥�3ü«Ø
Ó��-u, =(fÚ^f, §�Ñ´ÀÚf. 3
$§e, 9åÆ¼ê�L«�(fÜ©Ú^fÜ
©�Ú. � T < 0.5 K �, (fÜ©åÌ��^;
� T > 1 K �, Ì��z5gu^fÜ©. (fÜ
©�SUÚ'9L«�

Eph =
4
15
π5V kBT

(
kBT

hu1

)3

, (25)

(CV )ph =
16
15
π5V kBT

(
kBT

hu1

)3

. (26)

^fÜ©�SUÚ'9�

Er = N r

(
∆ +

1
2
kBT

)
, (27)

(CV )r = N rkB

{
3
4

+
∆

kBT
+

(
∆

kBT

)2
}

. (28)

l (25) Ú (27) ª�±wÑ, (fÜ©Ú^fÜ©
�SUÑ¬�X§Ý�,p
,p, ã 4 Úã 5 ¥
Uþ­��CzÚK��.�nØ(JÄ���.
(26) ª¥(fÜ©�'9��X§Ý�,p
,
p, ��'u§Ý�ng�, 
 (28) ª¥'9�§
Ý�'X¥�', §Ý�K�����g�, Ïd
'9O���¯�­�~���ú.

4.2.3 ^zrÝ�§Ý�'X

ã 8 � L = 4 �, §Ý�^zrÝ�'X. l
ã 8 ¥�±wÑ, �XzÆ³�O�, ^zrÝ­
��­Ü¤�^­�, `²éuXÚºÝ�½��
�¬�, §Ý�½�, zÆ³�UCé^zrÝv
kK�; 
zÆ³�½�, �X§Ý�,p, ^zr
Ý�Ó�,p, ¿�3p§«^zrÝÅì�Cu
,��, ��²ï.

ã 8 L = 4 �, §Ý�^zrÝ�'X

ã 9 ØÓºÝ���¬�XÚ, §Ý�^zrÝ�'X

ã 9 �ØÓ���¬�XÚºÝ, §Ý�^z
rÝ�'X. lã 9 ¥�±wÑ, Ó�§Ý�¹e,
XÚºÝO�, XÚ�^zrÝ%��~�; 
�
X§ÝO�, ØÓ���¬�XÚºÝ�XÚÑ¥
yÑ^zrÝO\�ª³, �ª³��. du�c
^5�f^5, ¤±^zrÝ�'��. 3$§«,
^zrÝ��Cu". ù´Ï�, 34$§Ýe, �
��f�g^������, Ù^ÝA�-�, ^
zrÝA��Cu 0, �§Ý,p�, g^����
^~f, ^zrzrÝO\. 3p§«, ^zrÝ�
§Ý�Cz'��ú, ù´dud��9ÖÄK�
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��.

±þïÄL², XÚ�UþÚ^zrÝ�­
��§Ý�O�
O�, ¿ªu,��½��, ­
��ª³Ú��Ó5��c^°ÜË�.��,
ÚýO(JÄ��Ó, ïÄ(J�ë�©z [21]
¥(JÄ���. �©ïÄ��ÀÚ - âË��
.�, òÙM�îþ²L a†

i ↔ S+
i , ai ↔ S−

i , ±
9 ni ↔ Sz

i + 1/2 �C�, N����°ÜË�.
¥, N���M�îþ (14) ªäk�°ÜË�.M
�îþ�q�L«/ª, ��©?nü��.��
{�Ó, Ïd?n��ÀÚ - âË��.�°ÜË
�.k�q�5�.

ã 10 ØÓºÝ���¬�XÚ, §Ý�þ!^zÇ�'X

4.2.4 þ!^zÇ�§Ý�'X

ã 10 �ØÓºÝ���¬�XÚ, §Ý�þ
!^zÇ�'X. þ!^zÇ´��Ãþj�~ê.
lã 10 ¥�±wÑ, éuØÓ���¬�XÚº
Ý, þ!^zÇ��ê�§Ý�,pÄ�¥O��
ª³, Ø
$§«�pk
é��ÅÄ, 3p§«
�, þ!^zÇ��êªu��, ��¬�XÚº
Ý�K�A�� 0, ùw«
,«á�g��5�.
ù�ë�©z [25] ¥�ã 13. 3.7 k�Ó�ª³,
AO� L = 8 �, � CeAl3 [25] ­��ª³A��
�, w«
�«aqCB1�. CB�A [23, 26] ¥
>{4�´duª��g^�=Ñ� [25], 
 SSE
�{¥ÏL�é���#, ¤k�º�ÏL�Åê
�'�ë�å5, Ó��:þ�g^�3ë�L§
¥�ØÊ/�=, �>{4��ÔnÅnk�q�
?, Ïd�©�(JaquCB�A.

5 ( Ø

�©�[0�
 SSE QMC �{�Ì�g�Ú
O�Å�[L§, ¿$^ SSE QMC �{±9?n
õâf�¹��
E|, Äu��MØÀÚ - âË
��., ïÄ
�CL§¥�Uþ�'�Ôn5�.

�©©OïÄ
��¬�XÚºÝ� L = 4,
6, 8 �XÚ, âfê�Ý�Cz��� 0—0.5, §Ý
�Cz��� 0—2(J/kB). lÔnþ�§Ý�ïÄ
(J�±wÑ, ��¬�XÚºÝ�½�, UþÚ
^zrÝ�§Ý�,p
O�, zÆ³�CzéU
þÚ^zrÝvkK�. Uþ�X��¬�XÚº
ÝO�
O�, ^zrÝ%��~�, `²��M
Ø�ÀÚ - âË��.Ú��Ó5����c^
°ÜË�.k�q�9åÆ5�. ��¬�XÚº
Ý�½�, zÆ³�O�é'9Ó�vkK�, '
9�X§Ý�,pÑykO��~��ª³, ��
ªu,��, ��²ï. ��¬�XÚºÝ��, '
9­�O�Ü©Ú~�Ü©ª³��²w. ëìK
��6nØ, �©�[�UþÚ'9­��ª³�
K��6N�.e He II �nØïÄ��. Ó�, Ø
Ó���¬�XÚºÝéþ!^zÇ�ê�K�
Ø�, þ!^zÇ��ê3§Ý 0—0.5(J/kB) ��
Ské��ÅÄ, 3 0.5—2(J/kB) §Ý��S�§
Ý�,p
O�. ^zÇ�ïÄêây²�©ïÄ
�ÀÚ - âË��.äkaqCB�A�1�, `
² SSE �AkÛ�{�±�[Ñª��g^�=
Ñ�ù�E¤>{4��ÔnÅn. Uþ�âfê
�ïÄ(JL², âfê�Ý3 0—0.5 ��SO�
�, Uþ¥4~ª³, ¿ªu,�½�, �X��¬
�XÚºÝO�, UþO�.

�©O����XÚ� 8 × 8 ���¬�, é
u���XÚ, ��¬�XÚºÝ��þZ, �©
¤0���{Ó�·^. �,, �XïÄXÚ�
O�, L§�E,5O\, O�Å�[��m�
¬O\.

a�{I\²²á�Æ Northridge ©��ëULP�

3�KïÄ��(J!Ê¢Øc�Jø�éu5?ØÚï

�5¿�, Ó�a�± 3�KïÄL§¥���kd�

�?Ø.
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Abstract

In this paper, the stochastic series expansion quantum Monte Carlo method is employed to investigate the thermodynamic proper-

ties of hardcore Bose-Hubbard model in two-dimensional space. The two-dimensional hardcore Bose-Hubbard model can be mapped

into the two-dimensional antiferromagnetic quasi-Heisenberg model under transform of bosonic operators. There is an additional term

which is proportional to the total number of sites compared with real Heisenberg model and it is difficult for simulation. Using a

nonlocal “operator-loop update”, it allows one to simulate thousands of sites. Our simulation results show that, first, energy decreases

with the increase of density of particles in a range from 0 to 0.5, and finally approaches to a fixed value. Moreover, with the size of

square lattice increasing, energy also increases. Second, when we fix the system size, energy and magnetization increase with tem-

perature, but not with of chemical potential. When we increase the system size, energy increases, while, the magnetization decreases.

Third, specific heat is independent of chemical potential, but it dramatically increases with temperature and approaches to a peak, then

decreases slowly. According to Landau theory of superfluidity, the tends of curve for energy and specific heat fit the research of He

II in the Landau two-fluid model. Fourth, different square lattice linear system sizes have a little influence on tiny differences to the

reciprocal of uniform susceptibility. There are small fluctuations in a range from 0 to 0.5(J/kB), where J is the coupling energy, kB

is the Boltzmann constant, but the reciprocal of uniform susceptibility increases with temperature increasing in a range from 0.5 to

2(J/kB). The tends of curve are similar to those of Kondo effect.

Keywords: quantum Monte Carlo method, stochastic series expansions, hardcore Boson, Bose-Hubbard model
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