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1 Ú ó

$�^5XÚ�3NõÛÉ�A5, Ïdù�
+�ïÄÚå
�Æ[�2��,� [1−7]. 1997

c Shiomi � [1] l¢�þÜ¤Ñg^� 1/2 �O�
æc^5EÜÔ. 2005 c Kikuchi � [2] ¢�þu
y Cu3(CO3)2(OH)2 á��^zrÝ3$§e�	
^|�Cz¥y 1/3 �^z²�, 3$§«^zÇ
�§ÝCzÑyV¸�A5, ¿JÑg^ 1/2 �
{�c.ó�.. kÅ©f^5�A:´©fS
Ü�g^ - g^��p�^äkõÏ�Úõ>:.


���3¬��, ��g^ 1/2 kÅ©fS�
�p�^rÝ3êþ?þA��Ó. �ÝÝ
­
�z+ (DMRG) Eâ [8] ´�©k��O��{,

3$�r'éþfXÚ�O�¥w«Ñ4��%

å. Gu � Su[9] |^ DMRG EâïÄ
g^ −1/2

� Heisenberg c/ó�Ä��5�, ¿|^þf=
£Ý
­�z+ (TMRG) EâïÄ
9åÆ5�
Ú^5�. Chen � [10] ÏL)ÛÚê�O���
{, ïÄ
 S = 1/2 Ú S = 1 ���o¡Nó��
c^g^���., ¿éØÓ^�e�NX�M�
îþ?1
 SU(N) +é¡5©Û, O�ÑéANX
�Ä�Uþ�)Û��-uUþ.

�§�p�^éXÚ9åÆ5��K�Cc
5��<�2��'5 [11,12], 	|¥äk�§�
p�^g^� 1/2 � XY �.æc^c.ó�9
åÆ5����
�A�ïÄ. �©æ^ Jordan-

Wigner (J-W) C� [13] ©Û�{é	|¥ Z ��
äkþ!�§�p�^g^� 1/2 � XY �.æ
c^c.ó?1
ïÄ. ·�|^ØC���Î
{ [14−16](invariant eigen-operator method, {¡ IEO
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{) ��
NX��-uUÌ±9éNX�M�
îþ?1
é�z, ¿|^þfÚOnØí�ÑN
X�©¼ê, l
�ÑNX�9åÆþ9^Æþ.

IEO {�'�´XÛ�âNX�M�îþ, �E�
A� IEO �Î. ¿ÏL IEO �Î�NXM�îþ�
mé´'X�'� IEO �§, ¦ÑNX�ü���
U?m�UY. �´ IEO {Ø´���Ñ^kSX
Ú�Ä�Uþ, ¿�|^ IEO {Ø´?n¹kÀÚ
f�Î�ng�½ö�pg��M�îþNX (X
^�f - (fÍÜNX, (f - (fÍÜNX, ^�
f - ^�fÍÜNX�), 3ù�: IEO {ØX�
�¼ênØ9þf|Ø�¤ùãEâ. IEO {�°
(5½Cq�Ð��ûurNXM�îþ�gþ
fz/ªL«�L§¥�Î�pg���§Ý, ¿
���U
�EÑ��gþfz�M�îþéA
� IEO �ÎâUæ^d�{?1O�. 8c, �ö
Â�uÐ
 IEO { [16], �±)û¹k�6��M
�îþ.

Ï�NX�?¿N�C�éXXÓ��þf
NX�ØÓL��m�C�, ¤±%ºXTþfN
X�î����ÔnSN, ù
N�C�éTþf
NX�£ã´���d�. Ïd, 3^5Ôn9þ
fåÆ¥ÊHæ^ØÓ�N�C�?nXÚM�

îþ�é�z, ¦Ñ�-uUþ9Ä�Uþ. �´
ù��{�'�´�Ñ·ÜNXé�z�ØÓ�
N�C�, |^N�C�?nNXM�îþ�L§
�'��¡ [17−19]. µ4ó���¼ê�$Ä�§
{ [4,5,20−24] (�äCq{) �U
?nNX�-u
Uþ. 3�©·�òw� IEO {?n�5Cqe�
M�îþNX��-uUþ, 'þãü«�{{$.

éug^� 1/2 � XY �.��æc^c.ó�
M�îþ
ó, J-W C��NXM�îþòz�þ
f�Î��5z/ª (=�¹�Î��g�). l

·��±|^ IEO {{$/í�ÑNX��-u
Uþ9Ä�Uþ. XÚ��-uÌO�´ïÄXÚ
�gdU!SU!'9!^zrÝ!^zÇ��
cJ.

2 XÚ�M�îé�z9�-uÌ
Ú IEO �{

Xã 1 ¤«, VgdÄ©fÚügdÄ©f�
Oü��¤�g^� 1/2 ��� XY �.æc^
c.ó. Ù¥ S2,l Ú S3,l L«VgdÄ©f�þf
g d Ä, S1,l L « ü g d Ä © f� þ f g dÄ.�� � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � �� � � � � � � � � �	 
 �	 
 � 	 
 �	 � 	 
 �

ã 1 VgdÄ©fÚügdÄ©f�Oü��¤�g^� 1/2 ���XY �.æc^c.óXÚ�.

JF = −ηJ (η, J > 0) L«VgdÄ©fS�c^
�p�^, JAF = µJ (µ, J > 0) L«VgdÄ©f
�ügdÄ©fm��c^�p�^, ¿�b�ù
��Ì�(�äk N � (l = 1, 2, · · · , N ). þã�
p�^|^ Heisenberg �p�^nØ�.£ã, @
oXÚ�M�îþ�^Xe/ªL«:

Ĥ =
1
2

N∑
l=1

{
J

[
− ηS+

2,lS
−
3,l + µ(S+

1,lS
−
2,l

+ S+
1,lS

−
3,l) +

µ

2
(S+

2,l−1S
−
1,l + S+

2,lS
−
1,l+1

+ S+
3,l−1S

−
1,l + S+

3,lS
−
1,l+1) + h.c.

]
+ 2gµBH(Sz

1,l + Sz
2,l + Sz

3,l)
}

, (1)

(1) ª ¥, Si,l ´ g ^ 1/2 � þ f � Î, S2,l

Ú S3,l d©fS�c^�p�^ JF < 0 ë�, Ù¦
�^ÑdL«©f�m��c^�p�^ JAF > 0
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ë�, µB �À�^f, g �K�Ïf, H L«	
^|rÝ. éu (1) ªg^,ü�Î?1 J-W C
� [4,5,13] Xe

S+
1,l =a+

1,l exp
[
iπ

l−1∑
r=1

(a+
1,ra1,r

+ a+
2,ra2,r + a+

3,ra3,r)
]
,

S+
2,l =a+

2,l exp
[
iπ

l∑
r=1

(a+
1,ra1,r)

+ iπ
l−1∑
r=1

(a+
2,ra2,r + a+

3,ra3,r)
]
,

S+
3,l =a+

3,l exp
[
iπ

l∑
r=1

(a+
1,ra1,r

+ a+
2,ra2,r) + iπ

l−1∑
r=1

(a+
3,ra3,r)

]
,

Sz
m,l =a+

m,lam,l −
1
2
, (m = 1, 2, 3).

(2)

Ù¥�Î a+
i,r Ú ai,r ´¤�f�Î, §�÷v�é

´'X

[ai,r, a
+
j,r′ ]+ = δi,jδr,r′ ,

[ai,r, aj,r′ ]+ = [a+
i,r, a

+
j,r′ ]+ = 0.

é�Î am,l, a+
m,l �±?1:
Fp�C�

am,l =
1√
N

∑
k

exp(ikl)am,k,

a+
m,l =

1√
N

∑
k

exp(−ikl)a+
m,k,

(m = 1, 2, 3),

(3)

(3) ª¥� am,k, a+
m,k �÷v�é´'X.

� â (1)—(3) ª, ¿ | ^ N−1

N∑
l=1

exp[i(k′

− k)l] = δk′,k 'X, ��

Ĥ =
∑

k

Ĥk − 3gµBHN

2
, (4)

Ù¥

Ĥk =
1
2
{
J [−ηa+

2,ka3,k + µ(a+
1,ka2,k + a+

1,ka3,k

+ γka+
2,ka1,k + γka+

3,ka1,k)] + h.c

+ 2h(a+
1,ka1,k + a+

2,ka2,k + a+
3,ka3,k)

}
, (5)

Ù¥ h = gµBH , γk = exp(ik).

� â (4) ª, (5) ª 9 � Î am,k, a+
m,k � �

é´'X ([ai,k, a+
j,k′ ]+ = δi,jδk,k′ , [ai,k, aj,k′ ]+ =

[a+
i,k, a+

j,k′ ]+ = 0) ��

[a1,k, Ĥ]− = [a1,k, Ĥk]− = 1
2{2ha1,k

+µJ(1 + γ∗
k)(a2,k + a3,k)},

[a2,k, Ĥ]− = [a2,k, Ĥk]− = 1
2{µJ(1

+γk)a1,k + 2ha2,k − ηJa3,k},

[a3,k, Ĥ]− = [a3,k, Ĥk]− = 1
2{µJ(1

+γk)a1,k − ηJa2,k + 2ha3,k}.

(6)

�éuXÚ�M�îþ Ĥ , 'u�Î ai,k (i =

1, 2, 3) � IEO[14,15] �Î� Ô e,σ, ¿-

(Ô e,1 Ô e,2 Ôe,3) = (a1,k a2,k a3,k)U , (7)

Ù¥

U =


τ11 τ12 τ13

τ21 τ22 τ23

τ31 τ32 τ33

 . (8)

(7) ª�±L«�

Ô e,σ =τ1,σa1,k + τ2,σa2,k + τ3,σa3,k

=(a1,k a2,k a3,k)

×


τ1,σ

τ2,σ

τ3,σ

 , (σ = 1, 2, 3), (9)

(Ô e,σ, Ĥ)− = (Ô e,σ, Ĥk)−

= λσÔ e,σ, (σ = 1, 2, 3) (10)

Ù¥ τ1,σ, τ2,σ, τ3,σ ´Eê.

�â (4)—(10) ª��

[Ôe,σ, Ĥ]− = [a1,k a2,k a3,k]A


τ1,σ

τ2,σ

τ3,σ



= (a1,k a2,k a3,k)λσ


τ1,σ

τ2,σ

τ3,σ

 , (11)

Ù¥

A =


h µJ(1 + γk)/2 µJ(1 + γk)/2

µJ(1 + γ∗
k)/2 h −ηJ/2

µJ(1 + γ∗
k)/2 −ηJ/2 h

 .

(12)
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l
�

A


τ1,σ

τ2,σ

τ3,σ

 = λσ


τ1,σ

τ2,σ

τ3,σ

 , (13)

¦) (13) ª�ÈÏ�§, ��g^� 1/2 �� XY

�.æc^c.óXÚ��-uUþXe:

λ1 = gµBH + ηJ/2,

λ2 = gµBH + J [−η

−
√

η2 + 16(1 + cos k)µ2]/4,

λ3 = gµBH + J [−η

+
√

η2 + 16(1 + cos k)µ2]/4.

(14)

Ï��©¥|^ IEO {?n^kSXÚ�, v
k���9,ü�A½�ØÓ�½�, 
´��Ï
L���Î�ÙéA� Heisenberg �§O��, �
NX���U?�Uþ�����éA, ùÒ´N
X�Uþþfz�þf. Ïd, NX��-uUþ
A�

~ωσ,k = λσ, (σ = 1, 2, 3). (15)

Ï�Ý
 A ´��Ý
, � λ1 6= λ2 6= λ3, ¤±é
A����þ�m�p��, Ù���þXe:

τ1,1

τ2,1

τ3,1

 =


0

−
√

2/2
√

2/2

 ,


τ1,2

τ2,2

τ3,2

 =


α2/

√
|α2|2 + 2

1/
√
|α2|2 + 2

1/
√
|α2|2 + 2

 ,


τ1,3

τ2,3

τ3,3

 =


α3/

√
|α3|2 + 2

1/
√
|α3|2 + 2

1/
√
|α3|2 + 2

 , (16)

Ù¥

α2 =
2λ2 − 2h + ηJ

µJ(1 + e−ik)
, α3 =

2λ3 − 2h + ηJ

µJ(1 + e−ik)
.

(7) ª�_C�, ¿|^Ý
 U �N�5 (U−1 =

U+) ��

(a1,k a2,k a3,k) = (Ô e,1 Ô e,2 Ô e,3)U−1

= (Ô e,1 Ô e,2 Ô e,3)U+, (17)

�â (8) ª��

U−1 = U+ =


τ∗
11 τ∗

21 τ∗
31

τ∗
12 τ∗

22 τ∗
32

τ∗
13 τ∗

23 τ∗
33

 . (18)

(17) ª�±L«�

ai,k =τ∗
i,1Ô e,1 + τ∗

i,2Ô e,2 + τ∗
i,3Ô e,3

=(Ô e,1 Ô e,2 Ô e,3)

×


τ∗
i,1

τ∗
i,2

τ∗
i,3

 , (i = 1, 2, 3) (19)

�â (19) ª��

a+
i,k =τi,1Ô

+
e,1 + τi,2Ô

+
e,2 + τi,3Ô

+
e,3

=(τi,1 τi,2 τi,3)

×


Ô+

e,1

Ô+
e,2

Ô+
e,3

 , (i = 1, 2, 3), (20)

�âª (9) ��

Ô+
e,σ =τ∗

1,σa+
1,k + τ∗

2,σa+
2,k + τ∗

3,σa+
3,k

=(τ∗
1,σ τ∗

2,σ τ∗
3,σ)

×


a+
1,k

a+
2,k

a+
3,k

 , (σ = 1, 2, 3), (21)

� â (9), (16), (21) ª � y [Ô e,i, Ô
+
e,j ]+ = δi,j

9 [Ô e,i, Ô e,j ]+ = [Ô+
e,i, Ô

+
e,j ]+ = 0, =XÚ� IEO

� Î Ô e,i ÷ v ¤ � f � Î � é ´ ' X, � ÷
v (Ô+

e,σÔ e,σ)2 − Ô+
e,σÔ e,σ = 0 (= n̂2

e,σ − n̂ e,σ =

0). Ïd n̂ e,σ ����� n e,σ = 0 ½ö n e,σ = 1.

r (19) Ú (20) ª�\� (5) ª��

Ĥk = ~ω1,kÔ+
e1Ô e1 + ~ω2,kÔ+

e2Ô e2

+ ~ω3,kÔ+
e3Ô e3. (22)

�â (4), (22) ª, |^ÚOnØ�í�ÑXÚ
��©¼êXe

Z =Tr{exp(−βĤ)} = exp
(

3βgµBHN

2

)
×

∏
k

3∏
σ=1

[1 + exp(−β~ωσ,k)] (23)
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Ù¥ β = 1/(kBT ).

d (23) ª��XÚ�gdU�

F = − β−1 lnZ = −3gµBHN

2

− β−1
∑

k

3∑
σ=1

ln[1 + exp(−β~ωσ,k)], (24)

d (24) ª��, XÚ�^zrÝ�

M = −
(

∂F

∂H

)
T

=
3gµBN

2

− gµB

∑
k

3∑
σ=1

1
1 + exp(β~ωσ,k)

, (25)

d (25) ª��XÚ�^zÇ�

χ =
(

dM

dH

)
T

= −
(

∂2F

∂H2

)
T

=
∑

k

3∑
σ=1

β(gµB/2)2sech2(β~ωσ,k/2). (26)

3 ? Ø

·�l�§Ý�'�9ÃSU (kBT/J), �
	^|rÝ�'�g^^Ý³U (gµBH/J), ¦
�àN©fS>fg^²1ü��c^���
^U (JF/J = −η, η > 0), ¦�àN�üÄN
©fm>fg^�²1ü���c^���^
U (JAF/J = µ, µ > 0) �, |^þãUþ�m�
¿�©Ûg^� 1/2 � XY �.æc^c.óN
X�^5�. ¿�\©Û
NX¥gu^z�'
�kS - ÃS¿� [25]. qlg^� 1/2 � XY �
.æc^c.óNX�n|�-uÌ ~ωσ,k = λσ,

(σ = 1, 2, 3) �Cz5ÆÑu©ÛNX�þf�é
^5��K�.

d (14) ª��, ~ω2,k = λ2 = gµBH + J [−η −√
η2 + 16(1 + cos k)µ2]/4 31�Ùp�«���

�� (~ω2,k)max = gµBH − ηJ/2. ��z	^|
rÝ�u gµBH/J < η/2 �, ù|�-uUþ3�
�1�Ùp�«�u" (~ω2,k < 0), d�.^|
rÝ�

HC1 = ηJ/(2gµB), (27)

·�¡�� BZ «Ä����­�.^|rÝ, ù
�3��1�Ùp�« ~ω2,k |�-u¦NXÄ�
���­�'é.

~ω2,k � � � �� (~ω2,k)min = gµBH +

J [−η −
√

η2 + 32µ2]/4, � � z	^ | r Ý 0

u η/2 < gµBH/J < (η +
√

η2 + 32µ2)/4 �, 3
1�Ùp�«Ì�é¡: Γ (k = 0) :NCù|�
-uUþÑy ~ω2,k < 0 �¹, d�.^|rÝ�

HC2 = J(η +
√

η2 + 32µ2)/(4gµB), (28)

·� ¡ �� BZ « Ä � Ü © �­� . ^ | r
Ý, ù � 3 Γ (k = 0) N C � ~ω2,k | � - u
¦ Ä � Ü © �­� ' é. Ï d, � gµBH/J <

(η +
√

η2 + 32µ2)/4 �, ù| ~ω2,k �-uUþU

��NXÄ��­, l
 ~ω2,k �-up�NX
g^ l=C [26−30] (spin-flop transition).

� ~ω2,k = −~ω3,k ��	^|rÝ�

Hpeak = ηJ/(4gµB), (29)

� Hpeak 6 H < HC2 �, Hpeak ´	^|eNX�
^zrÝ�§Ý�Cz­�Ñy¸���.^|
rÝ (�ë�ã 3 Úã 4(b)).

�	^|rÝ H < HC1 �, ~ω2,k |�-u
3��1� BZ « ~ω2,k < 0, ¤±, 3d«�¹
e ~ω2,k |�-u��^°¦NX�þf�l
pU? $U?�[, ¿�)UY. �	^|r
Ý HC1 6 H 6 HC2 �, 31� BZ « Γ (k = 0)

NC ~ω2,k 6 0, �´3 BZ «>. (k = ±π/a)

N C ~ω2,k > 0, ¤ ±, d � ~ω2,k | � - u e
ØU�)UY. � H > HC2 �, 3��1� BZ

« ~ω2,k > 0, l
3d«�¹e ~ω2,k |�-u
��^°¦NX�þf�l$U? pU?�
[, ¿�)UY. 
Ù{�ü|�-uUþ ~ω1,k

Ú ~ω3,k, 3��1�Ùp�«Ñ�u", ¤±, ù
ü|�-uéNX�þf�l$U? pU?�
[, ¿ÑyUY. ¿�NX�n|�-u÷v¤� -

).�ÚO©Ù5Æ.

�â (14), (15), (23)—(29) ªÏLê�O��
�Xe(J:

l ã 2 � �, � η = 3.5, µ = 1.42 �,

d (27)—(29) ª � � n � � z � . ^ | r Ý�
X e gµBHC1/J = 1.75, gµBHC2/J = 3.06553,

gµBHpeak/J = 0.875. ã 2— ã 4`² 0 6 H <

Hpeak �, ~ω3,k |�-ué^zrÝ��z3��
§ÝCz«��u ~ω2,k |�-ué^zrÝ��
z. �	^|rÝ H = Hpeak �, ~ω3,k |�-ué
^zrÝ��z3��§ÝCz«��u ~ω2,k |
�-ué^zrÝ��z (ë�ã 4(a), (b)).
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� � � � � � � � � ��� � �� � �� � �
� � � � � � � � � �� � � � �� � �� � �

� � �� � �� � 	
 � � 
 � � � � � �

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

� � � � �� � � � � � � �� � � � � �
� � � � � � � � � �  � 
 � � 
 � � � � � �� � � � � � � � � �  �! "! #! $! " % ! # % ! $

ã 2 (a) �zc^��È© η = 3.5, �z�c^��È© µ = 1.42 �, 3ØÓ�	^|e (de�º	^|rÝUe��z
êâCz gµBH/J = 0.0, 0.1, 0.4, 0.8, 1.2, 1.6, 1.75, 1.9, 2.4, 2.8, 2.9, 3.0, 3.1, 3.2, 3.5) ^zrÝ�§Ý�Cz; (b) ��zc^�
�È© η = 3.5, �z�c^��È© µ = 1.42 �, 3	^|� gµBH/J = 1.2 �, n|�-u�gé^zrÝ�z9¦��
�Ó�^é^zrÝ�z�§Ý�Cz

� � � � � � � � �� � � � � �� � � � � �� � � � � �� � � � � ��	
 �� 
�� � � � � �� � � � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � � � � ! " � � # � ! � � � �
ã 3 �zc^��È© η = 3.5, �z�c^��È
© µ = 1.42 �, 3ØÓ�	^|e (de�º	^|rÝ
Ue��zêâCz gµBH/J = 0.874, 0.875, 0.876) ^z
rÝ�§Ý�Cz

�	^|rÝ H 6 HC1 �, Ï�NX�n|
�-u ~ω1,k, ~ω2,k, ~ω3,k ÷v¤� - ).�ÚO
©Ù, ¿� ~ω1,k Ú ~ω3,k ü|�-u3��1�
Ùp�«UþÑ�u", 
 ~ω2,k |�-u3��
1�Ùp�«Ñ�u". Ïd, 3 T = 0 K, ~ω1,k

Ú ~ω3,k ü|�-u�ÚO©Ù�u", 
 ~ω2,k

|�-u�ÚO©Ù�u 1, Ïd, 3 T = 0 K,	
^|rÝ H 6 HC1 �, �z^zrÝ�u 0.5. 3
$§e, ~ω1,k Ú ~ω3,k ü|�-u�ÚO©Ùªu
", 
 ~ω2,k |�-u�ÚO©Ùªu 1. Ïd, 	
^|rÝ H 6 HC1 �, 3$§e, �z^zrÝª

u 0.5 (ë�ã 2— ã 4). ù�´NX3$§e�	
^|�Cze, ^zrÝÑy�Ú^zrÝ� 1/3

²���Ï�� (ë�ã 5).

dã 2 Úã 4 ��, 3 0 6 H 6 Hpeak «�,

~ω1,k Ú ~ω3,k ü|�-ué^zrÝ��z�§
Ý�,pÅì4~, ù`²ÃS�9$ÄUþ kBT

»�
�àN©fS�g^²1kS (c^kS),

~ω1,k Ú ~ω3,k ü|�-u�ÚO©Ù�§Ý�,
p
O�, l
�� ~ω1,k Ú ~ω3,k ü|�-ué
^zrÝ��z×�~�. �´ ~ω2,k |�-u
é^zrÝ��z�§Ý�,p3$§«ÅìO
�, ù`²9$ÄUþ kBT »�
üN��àN
©f�m�g^�²1kS (�c^kS), 
�	
^|�p�q¦�9$Ä =�>fg^�	^
|��ü�, ¦ ~ω2,k |�-u�ÚO©Ù�§Ý
�,p
~�, l
�� ~ω2,k |�-ué^zr
Ý��z�§Ý�,p
O�. �´, 3Ó�§Ý
e ~ω1,k Ú ~ω3,k ü|�-u��z�u ~ω2,k |
�-u��z, ¤±	^| (0 6 H 6 Hpeak) �, ^
zrÝ�§Ý�,p×�ü$�".

�	^|UYO��u BZ «Ä����­
�.^|rÝ� (= Hpeak < H 6 HC1 �), 3
$§«	^|p�� ~ω2,k |�-ué^zr
Ý�z�§Ý�O\
4O, ~ω1,k Ú ~ω3,k ü|
�-ué^zrÝ�z�§Ý�O\
4~, �
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´3d$§«	^|p�� ~ω2,k |�-u�z
�u ~ω1,k Ú ~ω3,k ü|�-u��z, Ïd3
d$§«�§Ý�,p^zrÝO�, ��O�
� ~ω1,k Ú ~ω3,k ü|�-u�z�Ú��. �X
§Ý�UY,p, ~ω1,k Ú ~ω3,k ü|�-u�z
�Ú�u	^|p�� ~ω2,k |�-u�z, �§
ÝO\NX�^zrÝ~����", l
Ñy
��^zrÝ�§ÝCz­���/¸ (ë�ã 2

Úã 4).

ù`² ~ω2,k |�-u�p�eNX�þf

�Úå�­, ¦��	^|�p�eÑy��g^
þf�. ù�Ï~�c^XÚØÓ, ��
ó§Ý
�,p3c^XÚ¥9ÃSU7,³�NX�g
u^z, ¿�6Ïc^5XÚ�g^kSüÙ, l

ü$^zrÝ. �´3g^� 1/2 � XY �.æ
c^c.óNX, 9ÃSU�	^|�éÜ�^e
¦NXG� pg^þf��[, l
Or
^z
rÝ. 3d ~ω2,k |�-uäkOr^zrÝ��
^, 
 ~ω1,k Ú ~ω3,k �-uäk~f^zrÝ�
�^ (ë�ã 2(b) Úã 4).

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

� � � � � � � � � �� � � � �� � � � ��� � � �� � � �� � �	
� �
 ��� � � � � � �� � � � � � � � � � �� � � � � � � � � � � ��  � !� "�  # � ! # � " � � � � � � � � � $ % �� � � � � � � � � � � ��  � !� "�  # � ! # � " � � � � � � � � � �� � � � � � � � � � � ��  � !� "�  # � ! # � "& � ' � � & � ' � � & � ' � �
ã 4 �zc^��È© η = 3.5, �z�c^��È© µ = 1.42 �, 3ØÓ�	^|e gµBH/J = 0.65 (a), 0.875 (b), 1.2(c),

n|�-u�gé^zrÝ�z9§���Ó�^é^zrÝ�z�§Ý�Cz

� HC1 < H < HC2 �, dã 2(a) ��, 3$
§« ~ω2,k |�-ué^zrÝ��z�u ~ω1,k

Ú ~ω3,k �-ué^zrÝ��z, l
^zr
Ý�§Ý�Cz­�Ñy¸, ¿�3 HC1 < H <

HC2 «m, �	^|�O�ù�¸3���§Ý
eÑy (Ò´`ù�¸�	^|�O���£).

� HC2 < H �, ~ω1,k, ~ω2,k, ~ω3,k n|�-uÑ
�u". Ïd, 3k�§Ýeùn|�-uÑäk
~f^zrÝ��^, ¤±^zrÝ�§Ý�,p
×�üN4~.

dã 5, ØÓ�$§e^zrÝ�	^|�C
z��, �	^| H < HC1 ��^zrÝ´�Ú
^zrÝ� 1/3, Ñy�Ú^zrÝ� 1/3 ²�. ù
�²�°Ý3$§e�§Ý�,p
~�. �.^
| HC1 ´��Ú^zrÝ� 1/3 ²����"§

e	^|���éA, 
�.^| HC2 �"§e
NXÑy�Ú^z��	^|���éA. $§e,

9$ÄU¦��Ú^zrÝ� 1/3 ²�����
.^|rÝ�§Ý�,pÅì~�, 
Ñy�Ú^
z��.^|rÝÅìO�. ¿�k�§Ýe, �
3^zrÝ�§Ý�Cz­�Ñy¸���.^
|rÝ Hpeak, HC1 < H < HC2 «méA spin-flop

states ·Ï«.

dã 6 ��, ��z�c^��È© µ = 1.42

ØC, ��zc^��È© η O�, �Ú^zrÝ
� 1/3 ²�����.^|rÝ HC1 ÚNXÑy
�Ú^z���.^|rÝ HC2 ÑO�. ¿��
�zc^��È© η = 0 �, ØÑy�Ú^zrÝ
� 1/3 ²�. ù`², Ñy�Ú^zrÝ� 1/3 ²�
´��àN©fS>fg^²1ü��c^��
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�^UÚ�àN�üÄN©fm>fg^�²1
ü���c^���^U!9ÃSU!	^|r
Ý�'�g^^Ý³U�m�¿�¤�.

dã 7 ��, ��zc^��È© η = 3.5 Ø
C, ��z�c^��È© µ O�, Ñy�Ú^z
���.^|rÝ HC2 O�, �´�Ú^zrÝ
� 1/3 ²�����.^|rÝ HC1 ØC. k�§
Ýe (X kBT/J = 0.1) � HC1 �u"§e� HC1,


�k�§Ýe (X kBT/J = 0.1) � HC2 �u"
§e� HC2. Ïd, �X§Ý�,p�Ú^zrÝ
� 1/3 ²�Åì~�,§Ý��,����Ú^z
rÝ� 1/3 ²�ò��. ù`²Ñy�Ú^zrÝ
� 1/3 ²�´Ì���àN©fS>fg^²1
ü��c^���^U!9ÃSU!	^|rÝ
�'�g^^Ý³U�m�¿�¤�. ¿�, ��
z�c^��È© µ O�, spin-flop states ·Ï«m
*�.

d ã 8— ã 10 � �, � � z c ^ � � È
© η = 3.5, �z�c^��È© µ = 1.42 �,

Ã	^|� (gµBH/J = 0), NX�^zÇ�k
���/¸, 3$§«"§NC^zÇ�§Ý
� C z ­ � Ñ y � þ � � 1�. 3 $	^ | e
^ z Ç �§Ý � C z ­ � Ñ y V ¸ (ë � ã 8

¥ gµBH/J = 0.05, 0.07, 0.09). ���	^| (ë

�ã 8 ¥ gµBH/J = 0.12, 0.15) e, 3$§«"
§NC^zÇ�§Ý�Cz­�ØÑy¸�, �
k�p§«Ñy���/¸. dã 8 ��, �	^
|�O��/¸�m£ (= �p§«£Ä), ¿
�Ù¸��ü$. dã 10 ��, $§"§NC�
¸�
u�àN©fS>fg^²1ü��c^
���^U!	^|rÝ�'�g^^Ý³U!
9ÃSUnö�m�¿�. ã 10(a) ¥ µ = 0 �
�­�, Ò´NX�k�àN©fS>fg^²
1ü��c^���^U���¹, Cq�c^
XÚ� Curie-Weiss ½Æ�Î, ù�ÐU
`²þ
ã*:.

� � ��� � �� � �� � �� � � � � � � � 	 � � 
 � � �� � 	 
� � � 
� � 
 �
� � � � � ���� �� ��� � �  ! " # $� �  ! " # $ % $ & '� �  ! " # $ % $ ' $� �  ! " # $ % $ ( '� �  ! " # $ % ) $ $� �  ! " # $ % ) & '� �  ! " # $ % ) ' $* + , � � - � + � � � �� . /� . 0

ã 5 �zc^��È© η = 3.5, �z�c^��È
© µ = 1.42 �, 3ØÓ�§Ýe^zrÝ�	^|�Cz

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

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

� � � � � �
� �  � �  ! � "! � " # $! � % # "! � % # $! � & # "! � & # $! � ' # "! � ' # $ ! � "! � " # $! � % # "! � % # $! � & # "! � & # $! � ' # "! � ' # $

ã 6 �z�c^��È© µ = 1.42 ØC, �ØÓ��zc^��È© η �, 3ýé"Ý kBT/J = 0 (a) �k�§
Ý kBT/J = 0.1 (b) e, ^zrÝ�	^|�Cz
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� � ��� � �� � �� � �� � �
� � ��� � �� � �� � �� � �� � � � 	 �
�� 
� ��� 
�� 
� ���

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

� � �� � � � � �� � �� � � � � � � � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �� � � � � �
ã 7 �zc^��È© η = 3.5 ØC, �ØÓ��z�c^��È© µ �, 3ýé"Ý kBT/J = 0 (a) �k�§
Ý kBT/J = 0.1 (b) e, ^zrÝ�	^|�Cz

ã 8 ��zc^��È© η = 3.5, �z�c^��È
© µ = 1.42 �, 3ØÓ�	^|e^zÇ�§Ý�Cz

dã 9 ��, ��z�c^��È© µ = 1.42

ØC,	^| gµBH/J = 0.05 e, �zc^��È
© η �� (ë�ã 9(a) η = 0.4, 0.5, 0.9, 1.2) Ú�
� (ë�ã 9(c) η = 5.5, 6.0, 6.5, 7.0) �, �Ñy$
§¸ØÑy�p§«��/¸. �zc^��È
© η (ë�ã 9(b) η = 2.5, 3.0, 3.5, 4.3) ·���, ^
zÇ�§Ý�Cz­�âÑyV¸. � η 6 1.2 �,

��zc^��È© η �O�, $§¸��p§
«£Ä (�m£), ¿�¸�Åì~� (ë�ã 9(a)).

� η > 2.5 �, ��zc^��È© η �O�, $§
¸�ÅìO� (ë�ã 9(b) Úã 9(c)). ��zc^
��È© η (ë�ã 9(b)η = 2.5, 3.0, 3.5, 4.3) ·�
��, ��zc^��È© η �O�, �p§«�

�/¸ �p§«£Ä (�m£Ä), �´Ù¸�Å
ì~�.

dã 10 ��, ��zc^��È© η = 3.5,

k�	^| gµBH/J = 0.05 e, �z�c^��
È© µ ��� (µ = 0, 0.3, 0.5, 0.7, 0.9), �k$§"
§NCÑy¸�. ��z�c^��È© µ ��
� (µ > 1.0), ^zÇ�§Ý�Cz­�ÑyV¸y
�. 
�, ��z�c^��È© µ O�, $§¸�
��p§«��/¸�Ñ~�, �´$§¸�~�
�ÌÝ�u�/¸��~�. ¿��/¸��z�
c^��È© µ O�,  �p§«£Ä (�m£).

dã 10(b)—(d) ��, �p§«��/¸Ì���
àN�üÄN©fm>fg^�²1ü���c
^���^U, 9ÃSU, 	^|rÝ�'�g^
^Ý³U�m�¿�¤�.

dã 11 ��, ��zc^��È© η = 3.5,

�z�c^��È© µ = 1.42 �, 3�$�§Ý
e (X kBT/J = 0.05, 0.1, 0.15), g^� 1/2 � XY

�.æc^c.ó��z^zÇ�	^|�Cz
­�ÑyV¸, �>�¸ (�$	^|éA�¸) �
 ���.^| HC1 éA, 
m>�¸ (�p	^
|éA�¸) � ���.^| HC2 éA. �X§
Ý (kBT/J 6 0.15) �,p�>�¸�m£ ( p	
^|��£Ä), m>�¸��£ ( $	^|��
£Ä). ¿�, ÙV¸���§Ý�,pÅì~�. ù
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`², ù�V¸
u�àN©fS>fg^²1ü
��c^���^UÚ�àN�üÄN©fm>
fg^�²1ü���c^���^U, 9ÃSU,

	^|rÝ�'�g^^Ý³U�m�¿�. 3�
p�§Ýe (X kBT/J = 0.2, 0.3, 0.4, 0.5, 0.7), �
>�¸�9ÃSU��, ��3��.^| HC2

éA�m>�¸, ¿��§Ý� UY,pÙ¸
��Åì~�, 
�Ù¸��£ ( $	^|�
�£Ä). 3�p�§Ýe (X kBT/J = 0.9), d
u9ÃSUë��.^| HC2 éA�m>�¸
� � � �, N X � ^ z Ç �	^ | � O � ü N
4~.

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

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

� � � �  ! " # $ # % & ' ( ) * + , - � . / � � 0 1 2 1 3 4 � 5 � � � � � � � �  ! " # $ # % & ' ( ) * + ,6 7 � � �6 7 � � �6 7 � � �6 7 8 � �6 7 � � �6 7 � � �6 7 � � �6 7 � � �
6 7 � � �6 7 � � �6 7 � � 86 7 � � 96 7 � � �

ã 9 ��z�c^��È© µ = 1.42 ØC, �ØÓ��zc^��È© η �, 3	^| gµBH/J = 0.05 e^zÇ�§Ý�Cz

� � � ����� ��
��

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

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


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

� � � � � �  ! " ! # $ % & � � ' � � � � � �  ! " ! # $ % & � � '
� � � � � �  ! " ! # $% & � � ' � � � � � �  ! " ! # $% & � � ' % ( � �% ( ' �% ( ) �% ( � �% ( * '

% ( � � �% ( � � �% ( � � �% ( � � �% ( � � �% ( �% ( � � �% ( � � '% ( � � )% ( � � *
% ( � � '% ( � � �% ( � � '% ( � � �% ( � � �% ( � � �% ( � � �+��� �� �� � �

ã 10 ��zc^��È© η = 3.5 ØC, �ØÓ��z�c^��È© µ �, 3	^| gµBH/J = 0.05 e^zÇ�§Ý�Cz
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 � � 
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 � � 
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 � � 
� � 	 
 � � 
 � � 
� � 	 
 � � 
 � � 
� � 	 
 � � 
 � � 
� � 	 
 � � 
 � � 
� � � � � �
� � � � �  � � � � � �!"#$ %& '& ( )

ã 11 ��zc^��È© η = 3.5, �z�c^��È
© µ = 1.42 �, NX3ØÓ�§Ýe^zÇ�	^|�Cz

4 ( Ø

3k�§Ý�k�	^|e, éug^� 1/2

� XY �.æc^c.óNX^5��ïÄ�Ñ
XeÌ�(J.

1) Ø Ó �	^ | e, g ^� 1/2 � XY �
. æ c ^ c . ó N X � ^ z r Ý �§Ý � C
z5Æuy, ù�NXäkn��.^|©O
� Hpeak = Jη/(4gµB), HC1 = ηJ/(2gµB), HC2 =

J(η +
√

η2 + 32µ2)/(4gµB). Hpeak éA	^|e
^zrÝ�§Ý�Cz­�Ñy¸���.^|
rÝ, HC1 éA BZ «Ä����­�.^|rÝ,

HC2 éA BZ «Ä�Ü©�­�.^|rÝ. þã

Cz5Æ�±ÏL'�	^|e� ~ω2,k Ú ~ω1,k,

~ω3,k n|�-uéNX^zrÝ��z\±`².

2) ØÓ§Ýe, g^� 1/2 � XY �.æc^
c.óNX�^zrÝ�	^|�Cz5Æuy,

3	^| H < HC1 �, $§e3 HC1 NCÑy�
Ú^zrÝ� 1/3 ²�. Ù¥ HC1 éA�Ú^zr
Ý� 1/3 ²�����.^|rÝ, HC2 éAÑy
�Ú^z���.^|rÝ.

3) g^� 1/2 � XY �.æc^c.óNX
�^zÇ�§Ý�Cz5Æuy, 3k��$	^
|e^zÇ�§Ý�Cz­�ÑyV¸. Ù¥, $
§"§NC�¸�
u�àN©fS>fg^²
1ü��c^���^U!	^|rÝ�'�g
^^Ý³U!9ÃSUnö�m�¿�. 
�p§
«��/¸Ì���àN�üÄN©fm>fg
^�²1ü���c^���^U!9ÃSU!
	^|rÝ�'�g^^Ý³U�m�¿�¤�.

4) g^� 1/2 � XY �.æc^c.óNX
�^zÇ�	^|�Cz5Æuy, 3$§e^
zÇ�	^|�Cz­��ÑyV¸, |Ü�´�
¸éA�.^|rÝ HC1, m¸éA�.^|r
Ý HC2. ùq�g`², ù�V¸
u�àN©f
S>fg^²1ü��c^���^UÚ�àN
�üÄN©fm>fg^�²1ü���c^�
��^U!9ÃSU!	^|rÝ�'�g^^
Ý³U�m�¿�.
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Abstract

The elementary excitation spectra of the one-dimensional spin-1/2 XY model in the ferrimagnetic diamond chain at low tem-

perature are calculated by using invariant eigenvector in this paper. And the elementary excitation energies in different cases are

discussed. Therefore, analytic solutions of the three critical magnetic field intensities HC1, HC2 and Hpeak in the system are given.

It is found that the analytic solutions of three critical magnetic field intensities are correct from the law of the magnetization changing

with temperature under different external magnetic fields, and it is explained by the contributions of the three elementary excitations to

the magnetization. The external magnetic field dependent magnetization presents a 1/3 magnetized plateau at low temperature. The

variation of magnetic susceptibility either with temperature or with external magnetic field shows a double peak structure, this phe-

nomenon indicates that the double peak structure originates from the competition among the ferromagnetic exchange interaction energy

of intramolecular electronic spin parallel arrangement in dimer, the antiferromagnetic exchange interaction energy of intermolecular

electronic spin antiparallel arrangement in dimer-monomer, the thermal disorder energy and the spin magnetic moment potential energy

related to external magnetic field.

Keywords: one-dimensional spin-1/2 XY model in the ferrimagnetic diamond chain, magnetization, magnetic
susceptibility, invariant eigenvector method
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