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�âü� Ginzburg-Landau nØO�
�G��á� NbS2 �þ�.^|, ±9þ�.^|��É5ëê�§
Ý�Cz�¹, ¿ò NbS2 � MgB2, NbSe2 þ�.^|���É5?1'�. ¤�O�(J�®k¢�êâÎÜ
�éÐ, ¿©`²
 NbS2 ���>5äküUYA�. NbS2 þ�.^|��É5ëê3 5.0 K NCÅìC�, ù
� MgB2 Ú NbSe2 k�q�?. � NbS2 �þ�.^|��É5ëê��� 7.3, ²w�u MgB2 Ú NbSe2. O�(
J�L², NbS2 ��UY¤éAU��k��þ'�� 54, ,�U��k��þÄ����Ó5.
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1 Ú ó

g 2001 cüUY��á� MgB2 �uy±
5 [1], §ÛA�ÔnA5iå
C�c5õ���
N�ïÄ9� [2−5]. d�õUY��>53Ù¦á
�¥�ºY�uy, NbSe2 Ò´Ù¥��. 3é�
�ã�mS<�@� NbSe2 ´~5�1�a��
N [6], ,
ÏLéÙ'9!þ�.^|���¡5
��ïÄ, uy§�äkü�A� [7−9]. dd, Ù
¦aq���LÞ7ázÜÔ MX2 (M = Nb, Ta,
X = S, Se) �¤�nØÚ¢�ó�öïÄ�­�é
� [10−14].

NbS2 ´�«äk���G(����á�,
�.§Ý Tc ≈ 6.05 K. >f - (fÑ�¢�(J
L² NbS2 äkér���É5A� [15]. �8c
��, NbS2 ´ MX2 ¥���«Ø¥y>Ö�Ý
Å (CDW) ���N [16]. 2008 c Guillamon � [17]

�×£��w�º (STM) ¢�ýÿ NbS2 �Uäk
ü���UY. � STM �UL�á�L¡�5�,
�?�Úy²Ùü�A�, �I�õrkå�nØ
Ú¢�(J. 2010 c, Kacmarc � [18] ïÄ
 NbS2

�'9A5, (JL²'åü���nØ, ü�n

ØU�Ð/£ã NbS2 �'9êâÚUY(�.

�©$^ü� Ginzburg-Landau (GL) nØO
�
 NbS2 þ�.^|�§Ý�Cz�¹, ±9
þ�.^|���É5ëê, ¿ò NbS2 � MgB2,
NbSe2 þ�.^|���É5?1'�. O�(
J3é��§Ý��S�¢�êâÎÜ�4Ð.
NbS2 þ�.^|��É5ëê γH 3 0.8Tc NC
ÅìC�, ù�A�� MgB2 Ú NbSe2 k�q�
?. � NbS2 � γH ���� 7.3, ²w�u MgB2

Ú NbSe2.

�©Ì�?Øü� GL �§, ±9�.§Ý�
O�Ú GL nØëê�À�, ¿é NbS2 �þ�.
^|9Ù��É5ëê?1
O�.

2 ü� GL nØ9Ù�§

ü� GL nØ�gdUL�ª� [19−21]

F =
∫

d3r
(
F1 + F2 + F12 + H2/8π

)
, (1)

Ù¥

Fi =
~2

2mi

∣∣∣∣(∇2 −
2ieA2

~c

)
ψi

∣∣∣∣2
* ¥
p�Ä��ï�Ö¤ (1OÒ: 12ZP11) ]Ï��K.

† E-mail: 737414347@qq.com

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

167401-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 167401

+
~2

2miz

∣∣∣∣(∇z −
2ieAz

~c

)
ψi

∣∣∣∣2
− αi (T ) |ψi|2 +

βi

2
|ψi|4 , (2)

F12 =R12 (ψ∗
1ψ2 + c.c.) , (3)

ª¥ F �LogdU, Fi (i = 1, 2) L«1 i �U
��gdU, F12 L«üU�m��p�^gd
U; ψi ´I�XÚkSz§Ý�Sëþ; miz � mi

©OL«1 i �U�²1uc¶ÚR�uc¶��
�k��þ; αi ´�6u§Ý���ëþ, βi �
§ÝÃ'; R12 L«ü�m�ÍÜ~ê. ½Â¥
þ ∇2 � (∂/∂x, ∂/∂y, 0). ^|� H = ∇ × A,
A = (A2 , Az) = (Ax, Ay, Az) �¥³.

Äk, gdU F é ψ∗
1 , ψ∗

2 �?¿C©�4�,
k

δF

δψ∗
1

= 0,
δF

δψ∗
2

= 0. (4)

u´�±��ü� GL �§� H11 H12

H21 H22

  ψ1

ψ2

 = 0, (5)

Ù¥

Hii = − ~2

2mi

(
∇2 −

2ieA2

~c

)2

− ~2

2miz

(
∇z −

2ieAz

~c

)2

− αi + βi |ψi|2 , (6)

H12 =H21 = R12. (7)

2ö, gdU F é A2, Az �?¿C©�4�, k
δF

δA2
= 0,

δF

δAz
= 0. (8)

u´�±��>6�§

∇ × H = 4πj, (9)

Ù¥
j = (j2, jz) , j2 = (jx, jy, 0) ,

j2 Ú jz ©OL«�

j2 =
∑

i

[
e~

imic
(ψ∗

i ∇2ψi − ψi∇2ψ
∗
i )

− 4e2

mic2
ψ∗

i ψiA2

]
, (10)

jz =
∑

i

[
e~

imizc
(ψ∗

i ∇zψi − ψi∇zψ
∗
i )

− 4e2

mizc2
ψ∗

i ψiAz

]
. (11)

�§ (5) Ú (9) ´ü���N GL nØ�Ä:�§,
cö´k'��Sëþ��§, �ö£ã
��>
6��¤�©Ù.

2.1 ���...§§§ÝÝÝ

e¡?Ø3ü� GL nØ¥XÛ����N�
�.§Ý. 3�.§Ý Tc NC, du ψi �og�
é�, �±òÙ�Ñ. 3 H = 0 Ú ψi Ø��mCz
��/, �±òü� GL �§��−α1 R12

R12 −α2

  ψ1

ψ2

 = 0. (12)

u´� T = Tc �k

α1α2 − R2
12 = 0. (13)

3 Tc NC, �±r α1 Ú α2 �5L«� αi =
αi0 (1 − T/Tci), Ù¥ αi0 �'~~ê, Tc1 Ú Tc2

©O�Lü�U��g��.§Ý. u´�Ñ�.
§Ý Tc �O�úª�

Tc =
1
2

[
(Tc1 + Tc2)

+

√
(Tc1 − Tc2)

2 +
4R2

12Tc1Tc2

(α10α20)

]
. (14)

3þ�.^|O�¥ò$^ (14) ª(½�m
ÍÜ~ê R12. l (14) ª�±wÑ, �.§Ý Tc '
��á�üU��g��.§Ý Tc1 Ú Tc2 Ñ�
�.

2.2 GL nnnØØØëëëêêê���ÀÀÀ���

¯¢þ, l�*n¶ - ¥] - �p6 (BCS) n
ØÑu�í�Ñü� GL �§, �ü� GL nØ
¥ëê��*/ª®²�� [19]. Äk·�5¿
�ü�UYÑy3 1.20 meV Ú 0.55 meV ? [18],
d BCS nØ, UY��.§Ý�'�~ê, u´�
±�O Tc1/Tc2 ≈ 1.20/0.55; Ùg, du3 Tc NC
k ln (Tc1/T ) ≈ 1− T/Tc1, �±r α1 Ú α2 ��*
/ª�� (1 − T/Tci) ��5¼ê, l
��'X
ª α10/α20 = Tc1/Tc2

[19].
d	��uy, � GL nØ¥�ëþ?1Xe

IÝC�, = ψi →
√

lψi, mi → lmi, miz → lmiz ,
αi → αi/l, βi → βi/l2, R12 → R12/l �, gdUØ
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C (Ù¥ l �'~Ïf). Ïd�
{üå�, �e5
·�� m2 = me O� NbS2 �þ�.^|, me �
>f�þ.

3 þ�.^|�O�

3.1 ²²²111uuu c ¶¶¶���þþþ���...^̂̂|||

d H = (0, 0,H), 3 Landau 5�e, A ��
� A = (0,Hx, 0). lª¥�±wÑ A =�ûu x,
u´ò)��

ψi = e ikyy e ikzzfi (x) . (15)

3O�þ�.^|��±�Ñ ψi �og��, é
á (5) ªÚ (15) ª��� GL �§ H11 H12

H21 H22

  f1 (x)

f2 (x)

 = 0, (16)

Ù¥

Hii = − ~2

2mi

d2

dx2
+

1
2
miω

2
i (x − x0)

2

− αi +
~2

2miz
k2

z , (17)

ª ¥ ωi Ú x0 L « � ωi = 2eH/mic � x0 =
~cky/2eH . l (17) ª¥�±wÑ x0 �K�²ï
 �, ¿ØK���³U���, �Ò´`Ú\�
Ïf e ikyy ØUC��³U���, ��·���
Äþ�.^|��ò kz �� 0[22].

� R12 =0 �, �±ò (16) ªw¤´ü�Õá
�Å½���f�§, H �LM�îþ, Ù���
�

Ei,n = (n + 1/2) ~ωi − αi (n = 1, 2, 3, · · ·) ,

(18)

ü � U � é A � Ä � Å ¼ ê þ
� (u0/π)

1/4 e−u0x2/2, Ù ¥ u0 = 2πH/ϕ0, ϕ0

�^Ïþf π~c/e.
� R12 6= 0 �, (16) ªL«��ÍÜ��fN

X, �±$^C©{¦)þ�.^|. �)�Xe
/ª: f1 (x)

f2(x)

 =

 c1g1 (x)

c2g2 (x)



=

 c1

(u1

π

)1/4

e−u1x2/2

c2

(u2

π

)1/4

e−u2x2/2

 , (19)

Ù ¥ u1, u2 � C © ë þ. , � Ú \ Dij =
〈gi |Hij | gj〉, ÏLO���

D11 =
~2

m1

(
π2H2

ϕ2
0u1

+
u1

4

)
− α1,

D22 =
~2

m2

(
π2H2

ϕ2
0u2

+
u2

4

)
− α2,

(20)

D12 = D21 = R12

[
4u1u2

(u1 + u2)
2

]1/4

. (21)

u´�±l (16) Ú (17) ª��D11 D12

D21 D22

 c1

c2

 = ε

c1

c2

 = 0, (22)

Ù¥ ε �Ý
�A��. �Uþ����

εmin =
1
2

[
(D11 + D22)

−
√

(D11 − D22)
2 + 4D12D21

]
. (23)

XJò¤�Uþ��� εmin é u1, u2 ¦4�

∂εmin

∂u1
= 0,

∂εmin

∂u2
= 0, (24)

¿�

εmin

(
H

//c
c2 , u1, u2

)
= 0 (25)

éá, Ò�±¦Ñ²1u c ¶�þ�.^|.
� 
 [ Ü ® � ¢ � ê â, À J ë ê α10 =

0.28 meV, m1 = 1.1m e Ú Tc1 = 6.0 K. d�§ (14)
�½Ñ�mÍÜ~ê R12 = 0.16 meV. ê�O�(
JXã 1 ¤« (J�). lã 1 �±wÑ, þ�.^|
3 0.1Tc—Tc �mÄ�¥�5, ù�O�(J�®
k�¢�êâÎÜ�4Ð. ã 1 ¥¢%n�/�¢

0 1 2 3 4 5 6
0

4

8

12

16

T/K

H
c
2
/
T

ã 1 þ�.^|�§Ý��6'X J��L²1u c

¶þ�.^|�O�(J, ¢��LR�u c ¶þ�.^
|�O�(J
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%�:©O�Lü|ØÓ�¢�êâ, ¢%n�/
þ�ç��L¢�êâ3þ�.^|��þ�Ø
�, ¢%�:þ�î��L¢�êâ3§Ý��þ
�Ø� [18].

3.2 RRR���uuu c ¶¶¶���þþþ���...^̂̂|||

� H = (0,H, 0), ¥ ³ A � � � A =
(0, 0,−Hx). Ó 3.1 !, �)�/ªE� (15) ª.
��� GL �§/X (16) ª, �´Ý
¥ H �A
C�

H ′
ii = − ~2

2mi

d2

dx2
+

1
2
miω

′2
i (x + x′

0)
2 − αi, (26)

Ù¥

ω′
i = 2eH/c

√
mimiz, x′

0 = ~ckz/2eH.

XJ�ÑüU��m��p�^, ·�¡é�
�,´����f¯K, �Ù��Uþ�L«�

E′
i,n =(n + 1/2) ~ω′

i − αi

(n = 0, 1, 2, 3, · · · ). (27)

� R12 6= 0 �, �,^C©{¦)þ�.^|. 3
O�L§¥, Uìþ!��{kò)�� (19) ª�
/ª. Ú\ D′

ij =
〈
gi

∣∣H ′
ij

∣∣ gj

〉
, ÏL�[O��Ñ

D′
11 =

~2

m1

(
m1

m1z

π2H2

ϕ2
0u1

+
u1

4

)
− α1,

D′
22 =

~2

m2

(
m2

m2z

π2H2

ϕ2
0u2

+
u2

4

)
− α2.

(28)

D′
12 = D′

21 = R12

[
4u1u2

(u1 + u2)
2

]1/4

. (29)

K·��±l (16) Ú (26) ª��D′
11 D′

12

D′
21 D′

22

 c1

c2

 = ε′

c1

c2

 = 0, (30)

Ù¥ ε′ �Ý
�A��. Uþ����

ε′min =
1
2

[
(D′

11 + D′
22)

−
√

(D′
11 − D′

22)
2 + 4D′

12D
′
21

]
. (31)

éá±en��§:
∂ε′min

∂u1
= 0,

∂ε′min

∂u2
= 0,

ε′min(H⊥c
c2 , u1, u2) = 0

(32)

Ò�±¦ÑR�u c ¶�þ�.^|.

ÀJëê m1z = 59m e , m2z = 1.1m e [Ü¢
�êâ, O�(JXã 1 ¤« (¢�), �¢�êâÎ
Ü�éÐ. 3é²1ÚR�uc¶�þ�.^|?
1ïÄ�L§¥, ·���gdÀ�
Ê� GL ë
ê, = m1, m1z , m2z , α10, Tc1 Ù¥ m1, α10, Tc1 é
ü^­�ÑkK�. du Dij � m1z Ú m2z Ã',
¤± m1z Ú m2z �K�R�u c ¶��þ�'X
­�.

þ�.^|���É5ëê γH L«�

γH =
H⊥c

c2

H
//c
c2

. (33)

ò NbS2 ��É5ëê γH �§Ý��6'X (¢
�) ±uã 2, ¿�òÙ� MgB2 Ú NbSe2 �êâ
?1é'. ã 2 ¥¢%�:!�%�:Ú¢%n�
/©O�L NbS2, MgB2 Ú NbSe2 � γH ¢�êâ
: [18]. O�(Jw« NbS2 � γH �§Ý��6'
X3 0.8Tc NCÑyeü, 3 0.8Tc—Tc �m, γH �
d 7.3 eü� 7.0 �m, ù�O�(J�¢�êâ
3Ø���SÎÜ. ¢�êâw«, MgB2 þ�.^
|���É5ëê3 2.2—4.8 �m [18], NbSe2 þ
�.^|���É5ëê3 2.5—3.5 �m, ÏLé
'�±wÑ, �éu MgB2 Ú NbSe2, NbS2 �þ�
.^|���É5��.

ã 2 NbS2 þ�.^|��É5ëê�§Ý��6'X,
±9 NbS2, MgB2 Ú NbSe2 þ�.^|��É5ëêé
'

®� MgB2 ´d����� σ �Ú��n�
� π ��¤, � σ ��k��þ'�� 40, π �
�k��þ'�� 2[19,23,24]. NbS2 �LyÑ

aq�5�, NbS2 ���UY¤éAU��k�
�þ' m1z/m1 �� 54, ,�U�� m2z/m2 �
� 1.1, Ä�´��Ó5�. ÏL'��±wÑ, �
éu MgB2 Ú NbSe2 
ó, NbS2 �k��þ��
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É5��, ù´E¤ NbS2 � γH ²w�u MgB2

Ú NbSe2 �­��Ï [15].

4 ( Ø

�©Ì�$^ü� Ginzburg-Landau nØO�


��á� NbS2 �þ�.^|, ±9þ�.^|
��É5ëê�§Ý�Cz�¹. ¤�O�(J�
®k¢�êâU
éÐ/ÎÜ, ¿©`²
 NbS2

���>5äküUYA�. O�(J�L²,
NbS2 ���UY¤éAU��k��þ'�� 54
,�U�Ä�´��Ó5�.
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Theoretical analysis on the upper critical field of
superconductor NbS2
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Abstract

From the two-band Ginzburg-Landau theory, we study the temperature dependence of upper critical field on the layered supercon-

ductor NbS2. The temperature dependence of the anisotropic parameter for upper critical filed is also obtained. All the results fit the

experimental data well in a broad temperature range. Thus our results show strong evidence that two-gap scenario is better to account

for the superconductivity of NbS2. The anisotropic parameter of the upper critical field for NbS2 starts to decrease from 5.0 K, and this

behavior is similar to those of MgB2 and NbSe2. However for NbS2 this number is about 7.3, which is much greater than the ones in

MgB2 and NbSe2. The results also show that the band with the larger gap exhibits that the effective mass ratio between the in-plane

and out-of-plane direction is about 54, and the other band indicates that the effective mass ratio is almost isotropic.

Keywords: Ginzburg-Landau theory, upper critical field, NbS2
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