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Abstract

We study a one-dimensional (1D) anisotropic extended Hubbard model, where the

nearest-neighbor Coulomb interaction (V ) and Heisenberg exchange interaction (J)

are spin-dependent. The application of bosonization and renormalization analysis

leads to the quantum phase diagram. At half filling, the ground state is dominated in

several insulating phases. The spin-dependent Coulomb repulsion interaction leads to

a bond-spin-density-wave (BSDW) phase. The antiferromagnetic exchange enhances

the bond-charge-density-wave (BCDW) phase while weakens the charge-density-wave

(CDW) phase. When J > 4V , the BSDW and CDW phases disappear. The anisotropic

interactions have an important effect on the structure of phase diagrams of 1D electron

systems.
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1. Úó

3$�Ôn¥§��>fNXÉ�2�ïÄ"��!n�NX�'§��¯K�éN´¦

)§A½�¹e�U¼�°() [1]"
�§��¯K��
(Ø�©Ûp�¯KJø�½��

��^§XÏL Cu-Oó�5�U
&¢Ô�zÔ²¡���Ån [2]",	§éõO��á�

�5�§XkÅ�N [3]!Bechgaardí [4]!�Ýp©f [5]!�ózÜÔ [6]��±^��nØ

�.?1£ã"�X¢�?Ð§<�UÏL�½�Eâ��Ñ��á�§Xþf� [7]!%B�

+ [8]�"�e�fÚ©f¤�í®#N<�é1¬�¥õN�p�^?1N� [9, 10]§ù�¢

yr?
��'é>fNX�ïÄ"��NXÏ>f$Ä�mÉ�§>f'é�A�~wÍ"

Hubbard�.9Ù*Ð�.~�^5£ã'é>f�Ôn1� [11]§Ù¥�É2�ïÄ�´�¹

3 �^(U)Ú�C�¥Õ�^(V )�*Ð Hubbard�.§~¡��IO*Ð Hubard�.(SEH�

.)"Ø
3O��(�á��¡�A^§éõ,��åué�� SEH�.3�÷e�Ä��ã�
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?Ø"¤k�ïÄÑ�½
>Ö�ÝÅ(CDW)Úg^�ÝÅ(SDW)��3§cöÑy3 U < 2V

�«�§
�öÑy3 U > 2V �«�"¦+Xd§�.��ã(��´�3�
©Ü"ùÌ�

5
u Nakamura�Äg�� [12]§¦ÏLê�ïÄuy§3fÍÜÚ¥mÍÜ«�§��¡�

�S>Ö�ÝÅ(BCDW)�#�Ñy3 U ' 2V NC§Y3 CDWÚ SDW�m§�3,�n�

:ª�"3@Ïó�¥ [13–16]§ù��àz��¿Ø�3"Ïd§ù�ØäÚå
<�ßþ�

,�§��éõnØÚê�ïÄy¢
 BCDW���3 [17–24]"�k�êïÄ±ØÓ�*:§

~X§Jeckelmann@� BCDW��,�3§��Ñy3 CDW-SDW>.�k�ã«�þ [25]§


 Zhang [26]Ú Deng [27]�<�ïÄ(¡ BCDW���Ø�3"�,ý�õêïÄ«@ BCDW

���3§�ù���3�ÔnÅ��ïÄé�§
��Ñ��Y�ØÓ"Ïd§é��*Ð

Hubbard�.�Ä��ã�?�ÚïÄ´�~7��"

¯¤±�§�� SHE�.äkg^ SU(2)é¡5§=�C�>f�Ý-�Ý�^ V Ø�6g

^§Ä�¥�g^�ÝÅ�n©þ(SDW x, SDW y, SDW z)´{¿�",��¡§�����¹¬

ÑyµXJ>f�p�^ V �g^�'§�� t-U -V NX�Ä�5�´Ä¬u)CzºlÔnþ

5`§á�(����É5Úg^-;�ÍÜ(SOC)±9Ù¦Ï� [11, 28, 29]§Ñk�UE¤�p

�^�>fg^k�½�éX"Ød�	§SEH�.��Ä>Ö�p�^§vk�Äg^�p�

^(Heisenberg�^ J)"¢Sþ§3k
á�¥§>Ö¥Õ�^Úg^���^�±Ó��3§l

nØ�Ý§�¹�´Xd"ÏL� V �^�¿�§J �^�¬u�­��^"cÙé^5'é>

fNX5`§ÃØ´ SEH�.§�´ t-U -J �. [30–32]§é�p�^>f�£ãÑ´Ø
�¡

�§t-U -V -J �.â´�Ü·�ÿÀö"

3��'é>fNX¥§>Ö�g^�p�^���É5Ì�
u¬�é¡5»"�;�g

dÝ�r'é�A"±O��óG(�(XK0.3MoO3½kÅ>Ö=£íTTF-TCNQ)�~ [33, 34]§

Ù$é¡5¬�(X��½ü�¬X)��LÞ7á(XMo)�d;�½kÅ©f;�u)�þ!3�µ

÷ó��(��¶�)�;�­U�r§/¤l�z>f�§
R�uó���;�­U�f§>f

Û�z§Ý�p"ù«;���É5��N�
3 ¥Õ�p�^�rÝ(��¶�>fmü½�

^�f)§´/¤>Ö�ÝÅ(CDW)½>ÖkS�¶
R���Ï>fÛ�zOr§g^gdÝÌ

�§ÏL����^(XMo-O-Mo´»)�)�c^½c^ÍÜ"d	§­��(XMo�4d;�½

Dè���f;�)�rSOC¬?�Úp�g^4z���¬�¶��£½§~X3Mo4O11ó¥§

SOC¦g^^Ý��u÷ó��ü�§
R����g^Þá�³�§l
/¤wÍ�>Ö-g^

��É5"ù«d¬�(�!;�3��SOC�Ó�^�Å�§´��'éNX¥��É5>^

�A(X��5Ñ$!|��C)�Ø%Ôn�
"

3ù�©Ù¥§·��Ä U(1)��É5�*Ð Hubbardó§�A�M�îþ½Â�

H = H1 +H2 +H3, (1)

H1 = −t
∑
j,σ

(c†j+1,σcj,σ + h.c.) + U
∑
j

nj,↑nj,↓, (2)

H2 = V1

∑
j,σ=−σ

nj,σnj+1,σ + V2

∑
j,σ

nj,σnj+1,σ, (3)

H3 =
∑
j

[J1(S
x
j S

x
j+1 + Syj S

y
j+1) + J2S

z
jS

z
j+1], (4)
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Ù¥§

nj,σ = c†j,σcj,σ, Sµj =
1

2
c†j,σσ

µ
σσ′cj,σ′ . (5)

3±þL�ª¥§σµ ´1 µ(=x,y,z)��|Ý
§V1(V2) = V (1± δ)§J1(J2) = J(1± δ)"d
?§�
{zO�Ó�qØK�Ôn��§·�^Ó��ëê δ5�x V Ú J ���É5"H1L

« Hubbard�."H2 £ã�6g^��C��Ý-�Ý�p�^§Ù¥ V1 Ú V2 ©OL«>fg

^��Ú�Ó��Nü½�^µ

V1 = 〈j, j + 1|vσ,σ|j, j + 1〉, V2 = 〈j, j + 1|vσ,σ|j, j + 1〉 (6)

v ´¥Õ³"H3 �L«��É5�g^���^(δ = 0éA��Ó5)"ÏL�� δ �ÎÒ§

�.�±©�´¶É5(δ < 0)Ú´¡É5(δ > 0)"

3,
4��¹e§M�îþ(1)U��A�Í¶��."H3 = 0� δ = 0��¹éAX SEH

�."H2 = 0� δ = 0��¹éA t-U -J �."Japaridze�< [35]Ú Dziurzik�< [36]ïÄ
*

Ð t-U -J �.(δ 6= 0)"�'�e§·�ïÄ��.£ã�\´L�và�õNÔn"ù�©Ù�

Ì�8�´ïÄk¤�Æ� BCDW�üzÚ��É5�^é��*Ð Hubbard�.Ä��ã�

K�"·���ÄfÍÜ«�§¤k��ü½�^÷v^� U, V, J < t§ÀÚzÚ­�z+©ÛU


k�$^"Ø���5§·�b� |δ| ≤ 1"(JòÐ«§3�÷eNX´�ý�N"3´¶É

5ÓÌ��§Ä�´kg^-uUY��ÝÅ§�3´¡É5ÓÌ��§�3g^-UY�C"�

6g^��p�^���Sg^�ÝÅ BSDW���3§ù´��*Ð Hubbard�.¤vk�5

�"�c^��Jp BCDW�§�Ó�~f CDW�"?�ÚïÄ�Ñ§� J > 4V§BSDWÚ

CDW�����"

2. $U|nØ©Û

��>fNX¥�$U-u´¤�:NC�âf-�Çé-u§·��I�3¤�Å¥ kF �

>f�Î�Fp��ª"3�IL�e§ù�duC� cj,σ → e−ikF xψ−,σ(x) + eikF xψ+,σ(x)"ù�

ö�r�:�.=C�ëY|�.

H = ivF

∫
dx

∑
σ

(ψ†−,σ∂xψ−,σ − ψ
†
+,σ∂xψ+,σ) +

m

2

∫
dx

∑
σ

(ψ†+,σψ−,σ − ψ
†
−,σψ+,σ), (7)

ù´k�þ��éØ).�¤�f�M�îþ§Ù¥/1�0 vF = 2t sin kF"�þmL«�

U�)�UY�§3gd�[���(éAÃ�þ�).�¤�f�¹)"

©Û��>fNXÔn1���«k�óä´ÀÚz�{ [37]"|^ù«Ãã§¤�|�Ã�

©þU
ÏL>Ö|(c) Úg^|(s)�ÀÚ|�Î φν Ú θν L«(ν = c, s)µ

ψp,σ(x) =
1√
2πα

ei/
√
2·[p(φc+σφs)−(θc+σθs)]. (8)
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αL«b	�ä"3e�I¥§p = −,+©OL«¤�|��!m|§σ =↓, ↑"�âù��
gS§�êÏf¥� pÚ σ©OéAÎÒ/−0Ú0+0"ù�§M�îþ�±­#�¤µ

H = Hc +Hs, (9)

Hc =
vc
2π

∫
dx[β−1c (∇φc)2 + βc(∇θc)2] +

g3⊥
2(πα)2

∫
dx cos(

√
8φc), (10)

Hs =
vs
2π

∫
dx[β−1s (∇φs)2 + βs(∇θs)2] +

g1⊥
2(πα)2

∫
dx cos(

√
8φs), (11)

Ù¥§ vc Ú vs ©OL«8N>Ö-u�Ý�8Ng^-u�Ý"g3⊥ �L«�_Ñ�L§§

3Ø�Äp�?��¹e§ù�L§�u)3�÷�¹e [38, 39]"g1⊥ L«��Ñ�§TL§�

>fW¿ßÝÃ'"pdÍÜ~ê½Â�µβc = 1 + gc/2§βs = 1 + gs/2"3��Cqe§�*Í

Ü~êde�L�ª�Ñ({�í�L§�N¹)

gc = −(
J

2
− 2V )δ − U − 3

2
J − 6V, (12)

gs = (
5

2
J + 6V )δ + U − J

2
− 2V, (13)

g3⊥ = −(
J

2
− 2V )δ − U − 3

2
J + 2V, (14)

g1⊥ = −(
3

2
J + 2V )δ + U − J

2
− 2V. (15)

3��±þúª¥§·��Ñ
>Ö-g^ÍÜ� Hcs ��z§Ï�3fÍÜ«�Ú­�z¿

Âe§gcs ÍÜ~ê´rÃ'�Î [35, 36, 40–43]"ù´Ï�­�z+�{L²§fÍÜe>ÖÚg

^�ª��p�^ëê¬�UIü$
6Ä"eÐ©ÍÜ�f§­�z6Ä�U¦Xê?�Ú~

�($�ªu")"�,§3rÍÜ½pUIe§>Ö-g^ÍÜ�UÌ�Ôn1�§d�7L�Ä

ÙK�"

3>Ö-g^©lb�e§�.�$UÔndÍÜ~ê(12)-(15)�IÝ1�5û½"3IÝC

�eµ α→ edlα (l´IÝ�Ý)§Ãþj��ÄÍÜ~ê���­�z+�§L«� [35]

dG3⊥(l)

dl
= −2Gc(l)G3⊥(l),

dGc(l)

dl
= −2G2

3⊥(l), (16)

dG1⊥(l)

dl
= −2Gs(l)G1⊥(l),

dGs(l)

dl
= −2G2

1⊥(l), (17)

Ù¥§ Gi = gi/4πt"±þIÝ�§��Xã 1¤«�­�z+6�ã"

�â6�ã§G3⊥(l)ÚG1⊥(l)��'5éN´©Û"��¡§>Ö-u�ÍÜGcÚG3⊥k'µ

(i)� gc ≥ |g3⊥|�§G3⊥´Ã'�Î§NX?ufÍÜ«�(WCR)"�XIÝC�§G3⊥ → 0"φc

´Þá|§>Ö-uÃUY"(ii) � gc < |g3⊥|�§G3⊥ ´�'�Î§NX?urÍÜ«�(SCR)"

�XIÝ l C�§G3⊥ 6���rÍÜØÄ:§G
∗
3⊥ = ±∞"�âàÍÜ g3⊥ > 0�´ g3⊥ < 0§

�|�²þ�£3 〈φc〉 = π/
√

8½ 0§±��zNXUþ"3ù«�¹e§>Ö-u�3UY",

��¡§g^-u�ÍÜ Gs Ú G1⊥k'µ(i) � gs ≥ |g1⊥|�§G1⊥ ´Ã'�Î§NX?ufÍ
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Figure 1. The renormalization-group flow diagram. The arrows denote the direction of flows with increasing
length scale. “SCR” and “WCR” represent the weak- and strong-coupling regions in the RG sense

ã 1. ­�z+6�ã"�ÞL«�XIÝO\­�z6���§/SCR/Ú/RCR0©OL«­�z¿ÂefÍ
ÜÚrÍÜ«�

Ü«�§NXéAØÄ: G∗1⊥ = 0"g^| φs ´Þá|§g^-uÃUY"(ii) � gs < |g1⊥|�§
G1⊥´�'�Î§NX?urÍÜ«�§G1⊥6�rÍÜØÄ:§G

∗
3⊥ = ±∞"�âàÍÜ g1⊥´

��´K§〈φs〉 = π/
√

8½ 0§g^-u�3UY"

3. Ä��ã

Table 1. Order parameters, vacuum expectation values of locked phase fields and the corresponding bosonized
expressions. “∗” indicates the fluctuating field

L 1. Sëþ§�£�|�ý�Ï"�Ú�ASëþ�ÀÚz/ª§“∗”L«Þá|

Sëþ (〈φc〉, 〈φs〉) ÀÚz/ª

OCDW (π/
√

8, 0) sin
√

2φc cos
√

2φs
OSDW z (0, π/

√
8) cos

√
2φc sin

√
2φs

OSDW± (0, ∗) cos
√

2φc exp±i
√

2θs
OBCDW (0, 0) cos

√
2φc cos

√
2φs

OBSDW z (π/
√

8, π/
√

8) sin
√

2φc sin
√

2πφs
OBSDW± (π/

√
8, ∗) sin

√
2φc exp±i

√
2θs

�
¼�NX�Ä��ã§·�k7�Ú\�@Sëþ(�L 1)§©O½Â� OSDWµ =

ei2kF xSµj§OCDW = ei2kF xnj§OBSDWµ = ei2kF xS
µ

j§OBCDW = ei2kF xnj"Ù¥§

nj,σ = (c†j,σcj+1,σ + h.c.), S
µ

j =
1

2
(c†j,σσ

µ
σσ′cj+1,σ′ + h.c.). (18)

�â­�z+nØ§·��±©Û�_Ñ�Ú��Ñ�L§��'5"Äk§du gc − g3⊥ =

−8V < 0§¤± G3⊥ ´�'�§3­�ze¬6�rÍÜ«�"ùL²>Ö-uo´kUY�§
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Ø¬u)>Ö-UY�C"�´§XJ V > J/4§NX�3Xpd�C§�Cu)3

δG =
2U − 4V + 3J

4V − J
. (19)

3 δG = 0��¹e§·�k

U∗c = 2V − 3

2
J. (20)

�éu>Ö-u§g^-u¬k
ØÓ"�.�±Ly�ÃUY�g^-u§éA^�µ

0 ≤ δ ≤ 2U − 4V − J
4V + 3J

, (21)

½ö§

δ ≥ max{J + 4V − 2U

4V + J
;

2U − 4V − J
4V + 3J

}. (22)

���¹éAXkUY�g^-u"Ïd§g^UY�C�k�|µ�|éA

δ = 0 (U ≥ Us), (23)

Ù¥§ Us = 2V + J/2¶,�|éA

U =
J + 4V

2
(1− δ) (δ ≥ 0). (24)

3ÍÜ~ê(14)Ú(15)¥§·�� U = 0§Ò¬��

δ∗c =
3J − 4V

4V − J
, δ∗s = − 4V + J

4V + 3J
. (25)

�Ä� V, J > 0§� −1 < δ∗s < 0o´÷v�"� δ∗c ���±kõ«ÀJµ

(1) � V > 3J/4�§δ∗s < δ∗c < 0¶

(2) � J/4 < V < 3J/4�§δ∗c > 0¶� V < J/4�§δ∗c < δ∗s < 0"

3.1. V > 3J/4

·�k�Ä δ∗s < δ∗c < 0��¹"δ-U ²¡�o^�C�y©�Ê�ØÓ��«§Xã 2¤«"

«�A!B!CL«kg^-uUYÜ©§(〈φc〉, 〈φs〉)©O£3 (0, π/
√

8), (0, 0)§(π/
√

8, 0)"

Sëþ OSDW z§OBCDW Ú OCDW 3éA�«�©O����§Ïd§«� A´»�g^�Ý

Å�§éA�".��c^G�S"«� B´äk�àz�� >Ö�ÝÅ BCDW�§ù�´

SEH�.¥¤�Æ��"«� C´>Ö�ÝÅ CDW�§±�OVÓâ��Óâ�A�"dul

Ñé¡5��3§ùn��ÑLy�O�§S"
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Ç*s, �!�

Figure 2. Phase diagram of the 1D anisotropic extended Hubbard model as functions of δ and U at half filling
and at weak coupling. The two parallel lines denote the Gaussian transition: The solid and dot-dashed lines
represent the case for V > 3J/4 and J/4 < V < 3J/4, respectively. For V < J/4, the Gaussian transition
disappears

ã 2. �� δÚ U �¼ê§���÷��É5*Ð Hubbard�.�fÍÜ�ã"ü^²1�L«pd�C�µ¢
�Ú:J�©OL« V > 3J/4Ú J/4 < V < 3J/4��¹"V < J/4�§pd�C��

«�DÚE´g^-uÃUY��§±´¡'é�A�"�| φsØU£½3���½�§Ø

Ä: β∗c = 0§β∗s > 1"¦+Xd§ù��«��kØÓ�?"3«�D§>Ö|£½3 〈φc〉 = 0§

Sëþ OSDW±§OSDW z Ú OBCDW �±��Ó����§�´§��'é¼êLy�ØÓ�P
~1�§

RSDW±(x) = x−1/β
∗
s , RSDW z(x) = RBCDW (x) = x−β

∗
s . (26)

é²w§β∗s > 1§RSDW± ³� RSDW z Ú RBCDW"Ïd§ùÜ©éAî�g^�ÝÅ'é§�
¡�� Mott ý�N"3«� E§�| φc £3 〈φc〉 = π/

√
8§
g^| φs ØU£½§Sëþ

OBSDW±§OBSDW z Ú OCDW UÓ���Ó����"�?Ø«� D�q§·�'�§��'é

¼ê§

RBSDW±(x) = x−1/β
∗
s , RBSDW z = RCDW (x) = x−β

∗
s . (27)

ù¿�X«� E´î�� g^�ÝÅ BSDW±§³��UY�»�� g^�ÝÅ BSDWz Ú

>Ö�ÝÅ CDW"BSDW± �3 SEH�.¥´Ø�3�§Ù�Ï�±^�6g^��p�^5

)º"�g^�ÝÅ��§g^��É5�U�)��.� BSDW1�"ù���Ó5�¹ØÓ§

@p�g^»�Úî�´{¿� [43]",��¡§BSDW��U3��ÀÚNX¥/¤ [44]§d

u� Haldaneb���êg^ó¥�UY�q [45]§BSDW±�q¡�� Haldaneý�N"

,	§·�N´uy§3ã 2¥÷X U -¶§�ã�¹n�Ü©µSDW!BCDW!CDW§ùT

ÐéA����Ó5� t-U -V -J �.�Ä��ã [46]"
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3.2. J/4 < V < 3J/4

3ù«�/e§pd�C�l δ∗c < 0 £Ä� δ∗c > 0§3�ã 2éAX:J�� �"Ø


BCDWÚ SDW±�«O\§CDWÚ BSDW±�«~f	§�ã� V > 3J/4�¹�Ó"

3.3. V < J/4

�X V �~�§CDW Ú BSDW± ��«�5��"� V < J/4 �§Ò¬k U∗c < 0 Ú

x∗c < −1"d�§NX¥vkpd�C�u)§CDW� BSDW± �3Ä�¥��"ù«�¹e§

Ä��ã=dnÜ©|¤µSDWz!BCDWÚ SDW±"

4. o(�?Ø

ÏL)Û�{·�ïÄ
����É5�*Ð Hubbard�.§Ù¥�C�>Ö�^Úg^�

��^Ñ�>fg^k'§ù«��É5�p�^3¢�¥@®�*	� [47, 48]"3fÍÜ«�

·�|^C��ÀÚzÚ­�z+©Û�{¼�
�.�Ä��ã"3�÷e§�_L§o´�

'�§Ä�´ý�N"V > J/4�§pd�CÚg^UY�Cr�ã©� SDW!CDW!BOW!

BSDWo�«�"V < J/4�§pd�CØ�3§CDWÚ BSDW�������"·��ï

Ä|±
 BCDW ���3§¿�T���c^��k'"ù� Jeckelmann [25]§Sandvik [20]

ÚDing [46]�<�ïÄ��"ØÓ�´§Nakamura@�'é�[�)ù� BCDW� [12]",	§

�6g^�>Öü½�^ V �) BSDW�"Ù¥§SDW z � BCDW!BCDW� CDW!SDW±

� BSDW±m�pd�C´ëY�C§� SDW±� SDWz!BCDW� SDW±!CDW� BSDW±

�m��Cáu K-Ta."ïÄ(J�«
��É5�*Ð Hubbard�.���(��Ó5)*Ð

Hubbard�.´ØÓ�§��É5��p�^éNX��(�kX­���K�"

��§·�?Ø�eÄufÍÜÚ��RG�Û�5±9ó�Ð""�ïÄÄufÍÜ4�Ú

��­�z+�{§ÙÛ�53uÃ{�¡£ãrÍÜ«��E,Ôn"3rÍÜ^�e§>Ö

�g^gdÝ�UÏLp�JL§/¤åP�(Xg^-f½VÖf)§��BSDW����!;

�S½ÿÀS�¿����¶d	§��RGCq�U$�þfÞáé�>.�K�§I(Üê

��{(XDMRG½QMC)�ynØýÿ"¢�þ§BSDW���yIà�ÙÕA�>Ö-g^éÜ

Sµ��5¥fÑ�(INS)�ÏL&ÿg^-u���É5ÚÑ'X(XóS/óm^�fÍÜrÝ

�É)�«Ùg^(�¶�©E1>fUÌ(ARPES)�*ÿ÷ó���m�>ÖmY�R����

3�7á5¤�¡���A�¶X��û�(XRD)½��X��Ñ�(RXS)KU��&ÿ>Ö�Ý

Å�g^�ÝÅ�i@N�Å¥"d	§×£��w�º(STM)�OâfZ�¤�Eâk"ÏL

>fÅ¼ê���É5Z�ã�§�BSDW���3Jø��yâ"ù
¢�Ãã��ÓA^ò

íÄ$�r'é>fNX�ïÄò�#�ã"

� �

��ó�É�#õ�Æ�g£«g,�ÆÄ7]Ï(2024D01C49)"
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N ¹

ùp|^ë�©z [41]�Ñ�úª���í�Ñª(12)-(15)�ÍÜ~ê"3�÷e§kF = π/2

(©¥¬�~ê®b� a = 1)§V eff
‖ = V2 = V (1− δ)§Jz = J2 = J(1− δ)§V eff

⊥ = V1 = V (1 + δ)§

J⊥ = J1 = J(1 + δ)"�\¼�µ

g1‖ = −2V2 −
J2
2

= −(2V +
J

2
)(1− δ) (28)

g2‖ = g4‖ = 2V2 +
J2
2

= (2V +
J

2
)(1− δ) (29)

g3‖ = 0, (30)

g1⊥ = U − 2V1 − J1 +
J2
2

= U − J

2
− 2V − (

3

2
J + 2V )δ, (31)

g2⊥ = U + 2V1 + J1 −
J2
2

= U − J

2
+ 2V + (2V − 3J

2
)δ, (32)

g3⊥ = −U + 2V1 − J1 −
J2
2

= −U − 3

2
J + 2V − (

J

2
− 2V )δ, (33)

g4⊥ = U + 2V1 − J1 −
J2
2

= U − 3

2
J + 2V + (2V − J

2
)δ. (34)

,	§gc = g1‖ − g1‖ − g2⊥§gs = g1‖ − g1‖ + g2⊥§�\Kk

gc = −U − 3

2
J − 6V − (

J

2
− 2V )δ, (35)

gs = U − J

2
− 2V (

5

2
J + 6V )δ. (36)
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