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Σ
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êâ, Ó��ýó
T�[��¹=Äþfê J = 80 3S�p�=-u��°( P �Xu�1Ì. T�{3nØ
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1 Ú ó

©f�[Ì��ïÄ´�f©fÔnÚ-1

1ÌÆ�����c÷�K. °(��[Ì�

cÙ´p�=-u��êâU¿©�N©fSÜ

��&E [1−4]. AO´3UNÔn!�lfN

Ôn�Æ�+�¥, °(�Ì�êâc�� [5].

Cc5, ¢�þ�
¼�©fNX�=-u��

°(1Ìêâ, �
p©Eå�1ÌEâ��U

¯, X-1p��F11ÌEâ (laser induced

fluorescence, LIF)[6], Fp�=�©1Oÿþ1Ì

Eâ (fourier transform spectroscopy, FTS)[7,8], 1	

�^^=�ÝN�1ÌEâ (optical heterodyne and

magnetic rotation enhanced velocity modulation spec-

troscopy, OH-MR-VMS)[9] �, ù
¢��{�©f

1ÌïÄ�Ñ
ã��z. ,<�¦^þãy

�1Ì¢��{ïÄ
�
©f>f���[Ì

�, ¼���õ´Ù�[Ì�¥Uþ�é�$��

[Ì�f8Ü, �p�=-u���[Ì�êâ

E,�©"y. éu NbN NX, 3nØïÄþ�,

���
�
?Ð [10−13], ��ép�=-uÌ�

�ïÄó��´é�. �¥I�K|²L�þ�

ïÄ�©Û, Äu�©�g�, �Cïá
U°(

O�V�f©f>f� P |�[Ì��#)Ûú

ª [14,15].

NbN áu;.� B–1 .zÜÔ, äkÅz?

¬N(�, Ù©f5����<�¤'5 [16,17].

duT©fá�����.§Ý� 17.3 K, þ�

.^|� 43 T, �. (4.2 K, 20 T)>6�Ý jc p

� 2 × 106 A/cm2, 9½5ÚzÆ½5p, |¥

fËì, ^u��p§�A+, 9>ó}, pÝ½

���þf¤ìì�, ´`û�����á�, A

O´3B��Mõ���¥�kX2��A^. ï

Äuy, �õ���N�±Ï���kA�B��

ê�B��, Ù5��Uu)�éu�|���Ñ

�ý��Cz. X TiN �MÝ� 21 GPa, NbN�

MÝ=� 14 GPa,� TiN/NbN B�EÜõ���

MÝ%p� 51 GPa.Ïd, �á�Ùù
5�/¤
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��Ï, 7LéÙ©f(��5U�?�Ú�ï

Ä, 1Ì�´�N©f(���Ãã, ¤±, ¼

� NbN ©f�õ�1Ì&EÒw�c��.

2 nØ��{

éu£ãV�f©f>f���ÄÚ=ÄÅ

n, ���æ^�Ä=f�., ¿¦^²;L�

ª [5], >f3ØÓ�U?�mu)�[�, e©O

^þI (′) Ú (′′) I5�pÚ�$U?G���'

�, @o� - ��[Uþ��L«� [5]

ν =νe + νυ + νr

=(T ′

e − T ′′

e ) + (G′ − G′′) + (F ′ − F ′′) . (1)

éA½��Ä�[, ν0 = νe + νυ =
{

(T ′

e − T ′′

e )

+ (G′ − G′′)
}

�½�, d²;L�ª [5] ��

ν =ν0 + F ′(J ′) − F ′′(J ′′)

=ν0 + Bυ′J ′(J ′ + 1) − Dυ′J ′2(J ′ + 1)2

+ Hυ′J ′3(J ′ + 1)3 + · · ·

−
[

Bυ′′J ′′(J ′′ + 1) − Dυ′′J ′′2(J ′′ + 1)2

+ Hυ′′J ′′3(J ′′ + 1)3 + · · ·
]

. (2)

�©Ì�ïÄ�´P�X��[Ån, =�[

ÀJ÷v ∆J = −1. éu�õêV�f©f>

fNX, e�ÑK Hυ 9�pg�����z, @

o (2) ª�L«�

ν =ν0 + J [Bυ′ (J − 1) − Bυ′′ (J + 1)]

− J2
[

Dυ′ (J − 1)
2
− Dυ′′ (J + 1)

2 ]

. (3)

|^ (3) ª�±O�Ñ, P |�[�¥?¿ü�=

Ä� J1 Ú J2 ��[Ì��

νJ2
− νJ1

=J2 (J2 − 1)Bυ′ − J2 (J2 + 1) Bυ′′

− J2
2 (J2 − 1)

2
Dυ′ + J2

2 (J2 + 1)
2
Dυ′′

−
[

J1 (J1 − 1)Bυ′ − J1 (J1 + 1) Bυ′′

− J2
1 (J1 − 1)

2
D′

υ + J2
1 (J1 + 1)

2
Dυ′′

]

. (4)

Ón, (4) ª�÷v?¿=Ä� J3, J4, =

νJ4
− νJ3

=J4 (J4 − 1)Bυ′ − J4 (J4 + 1) Bυ′′

− J2
4 (J4 − 1)2 Dυ′ + J2

4 (J4 + 1)2 Dυ′′

−
[

J3 (J3 − 1) Bυ′ − J3 (J3 + 1)Bυ′′

− J2
3 (J3 − 1)

2
Dυ′ + J2

3 (J3 + 1)
2
D′′

υ

]

. (5)

|^ (4) ªÚ (5) ª, ?�ÚO��g�[Ì��,

?���~ê Dυ′′ �L�ª�

Dυ′′ =
(νJ4

− νJ3
− νJ2

+ νJ1
)

P4 (J1, J2, J3, J4)

− Bυ′

P1 (J1, J2, J3, J4)

P4 (J1, J2, J3, J4)

+ Bυ′′

P2 (J1, J2, J3, J4)

P4 (J1, J2, J3, J4)

+ Dυ′

P3 (J1, J2, J3, J4)

P4 (J1, J2, J3, J4)
. (6)

éu?¿=Ä� J5 − J8, (6) ª�¤á, =

Dυ′′ =
(νJ8

− νJ7
− νJ6

+ νJ5
)

P4 (J5, J6, J7, J8)

− Bυ′

P1 (J5, J6, J7, J8)

P4 (J5, J6, J7, J8)

+ Bυ′′

P2 (J5, J6, J7, J8)

P4 (J5, J6, J7, J8)

+ Dυ′

P3 (J5, J6, J7, J8)

P4 (J5, J6, J7, J8)
. (7)

(6) ª� (7) ªA��, ��~ê Dυ′ �L�ª�

Dυ′ =(νJ8
− νJ7

− νJ6
+ νJ5

)S1

− (νJ4
− νJ3

− νJ2
+ νJ1

)S2

+ Bυ′S3 − Bυ′′S4. (8)

(8) ªéu?¿=Ä� J9 − J16 Ó��¤á, =

Dυ′ = (νJ16
− νJ15

− νJ14
+ νJ13

) S5

− (νJ12
− νJ11

− νJ10
+ νJ9

)S6

+ Bυ′S7 − Bυ′′S8. (9)

Ó�, (8) ª� (9) ª���, �n�, L«�±e/

ª [14,15]:

νJ16
= (νJ15

+ νJ14
− νJ13

)

+ (νJ8
− νJ7

− νJ6
+ νJ5

)
S1

S5

− (νJ4
− νJ3

− νJ2
+ νJ1

)
S2

S5

+ (νJ12
− νJ11

− νJ10
+ νJ9

)
S6

S5

+ Bυ′

(S3

S5
−

S7

S5

)

− Bυ′′

(S4

S5
−

S8

S5

)

. (10)

(10) ª=ïá�U�(O�>f�[� P |�[

Ì��Ôn#úª. ª¥, νJ16
��=Äþf� J16

éA��[Ì�, (vJ1
· · · vJ15

) �l®�¢�êâ

çÀÑ�, U�Ð/L�,�[���=Ì�8Ü

�ý¢Ôn&E� 15 ^u�Ì�, (Bυ′ , Bυ′′)�,

�[�éA�þe�Ä��=Ä~ê. ª¥�Cþ

©OL«� [14,15]
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S1 =
P4 (J1, J2, J3, J4)

P3 (J1, J2, J3, J4)P4 (J5, J6, J7, J8) − P4 (J1, J2, J3, J4)P3 (J5, J6, J7, J8)
,

S2 =
P4 (J5, J6, J7, J8)

P3 (J1, J2, J3, J4)P4 (J5, J6, J7, J8) − P4 (J1, J2, J3, J4)P3 (J5, J6, J7, J8)
,

S3 =
P1 (J1, J2, J3, J4)P4 (J5, J6, J7, J8) − P4 (J1, J2, J3, J4)P1 (J5, J6, J7, J8)

P3 (J1, J2, J3, J4)P4 (J5, J6, J7, J8) − P4 (J1, J2, J3, J4)P3 (J5, J6, J7, J8)
,

S4 =
P2 (J1, J2, J3, J4)P4 (J5, J6, J7, J8) − P4 (J1, J2, J3, J4)P2 (J5, J6, J7, J8)

P3 (J1, J2, J3, J4)P4 (J5, J6, J7, J8) − P4 (J1, J2, J3, J4)P3 (J5, J6, J7, J8)
,

S5 =
P4 (J9, J10, J11, J12)

P3 (J9, J10, J11, J12)P4 (J13, J14, J15, J16) − P4 (J9, J10, J11, J12)P3 (J13, J14, J15, J16)
,

S6 =
P4 (J13, J14, J15, J16)

P3 (J9, J10, J11, J12)P4 (J13, J14, J15, J16) − P4 (J9, J10, J11, J12)P3 (J13, J14, J15, J16)
,

S7 =
P1 (J9, J10, J11, J12)P4 (J13, J14, J15, J16) − P4 (J9, J10, J11, J12)P1 (J13, J14, J15, J16)

P3 (J9, J10, J11, J12)P4 (J13, J14, J15, J16) − P3 (J13, J14, J15, J16)P4 (J9, J10, J11, J12)
,

S8 =
P2 (J9, J10, J11, J12)P4 (J13, J14, J15, J16) − P4 (J9, J10, J11, J12)P2 (J13, J14, J15, J16)

P3 (J9, J10, J11, J12)P4 (J13, J14, J15, J16) − P3 (J13, J14, J15, J16)P4 (J9, J10, J11, J12)
,

P1 (J1, J2, J3, J4) = J4 (J4 − 1) − J3 (J3 − 1) − J2 (J2 − 1) + J1 (J1 − 1) ,

P2 (J1, J2, J3, J4) = J4 (J4 + 1) − J3 (J3 + 1) − J2 (J2 + 1) + J1 (J1 + 1) ,

P3 (J1, J2, J3, J4) = J2
4 (J4 − 1)

2
− J2

3 (J3 − 1)
2
− J2

2 (J2 − 1)
2

+ J2
1 (J1 − 1)

2
,

P4 (J1, J2, J3, J4) = J2
4 (J4 + 1)

2
− J2

3 (J3 + 1)
2
− J2

2 (J2 + 1)
2

+ J2
1 (J1 + 1)

2
,

ª¥¼ê S1—S8 ��=Äþfê (J1 · · ·J16) k'.

d Si ¼êÚ Pk ¼ê�½Â��, 3(� Pk 6= 0

�cJe, ½Â Pk �=Äþf� J �±EÑ

y, �ØÉÙ¦��. TÔn#úªL², éu,©

f>f�� P |�[�, ��®� 15 ^°(��

[Ì�±9�p�Ú�$�éA�©f~ê Bυ′

Ú Bυ′′ ��(êâ, d (10)ªÒ�±O�Ñ=Äþ

fê J16 ����[Ì� νJ16
.

e®�,��½�>f� M ^°(��[Ì

�f8Ü [νJ ], B�l M ^®�Ì�¥çÀÑ 15

^�[Ì�, ��k N = C15
M «À{. ,�é�

§ (10) ¦) N g, B���NX�éA=Äþf

� J16 ��[Ì� νJ16
� N �� (νJ16

)N . ØÓ

� Ji, ��ØÓ� (νJi
)N . ok�|�[Ì�f8

ÜU�Ð/÷v±eÔn�â [14,15]:

|νJ,expt − νJ,cal| → 0, (11)

|∆J,expt − ∆J,cal| → 0, ∆J = νJ−1 − νJ , (12)

|∆J,expt/νJ−1,expt| − |∆J,cal/νJ−1,cal| → 0. (13)

@où|�[Ì�Ò´T©fNXý¢�[

Ì�8Ü��ZÔnL���. 3¦)�§ (10)�

L§¥, vk¦^?ÛêÆ�.Ú#�ÔnCq.

éu�½�>f�, e®� M ^°(� P |�[

Ì�, K�±ÏL¦)�§ (10),Ïé÷vÔn�â

�§ (11)—(13)ª��[Ì���Zf8Ü [νJ ],

l¼��L©f>f��p�=-u�[&E

�Ì�8Ü. 7LrN�´, dd�)�Ì�8Ü

�°(ÝA���/d¤^ 15 ^¢�Ì��°(

Ý¤û½, =¢�Ì��Ø���, ¤�)�#Ì

��Ø�Ò��.

3 A^�?Ø

�©A^#)Ûª (10) ªïÄ
`û���

�á� NbN ©f d1Σ+—b1Σ+ NX (1,1)�[�

� P |u�1Ì. L 1 Ø=�Ñ
¢�þ¼�=Ä

~ê (Bυ′ , Bυ′′) ��, Ó���Ñ
U�Ð/L�

�[��=Ì�8Ü�ý¢Ôn&E� 15 ^u�

Ì�¤éA�=Äþfê (J1 · · ·J15). lL 1 ¥�

±w�, 3é (10) ª�A^¥, u�1Ì�À�v

k?Û5Æ5, {J} �À�Ñ´�
¦�ª�O�

(JU�Ð/÷vª (11)—(13)�Ôn�â.

L 2 ©O�Ñ
Ü©®��¢� P |u�Ì

�, ¢�Ì��nØ��ýéØ� (νJ,expt − νJ,cal),

± 9 ü ö � ' � � ê â ' �, X Ì � � � g

Å � (∆J = νJ−1 − νJ). # ú ª ¤ ¦ ^ � 15

^ ® � ¢ � Ì � ® ^ ç N I Ñ, § � © O
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é A u L 1 ¥ � Ñ � 15 � = Ä þ f ê,

¤kêâþ±Åê�ü .

L 1 NbN ©f d1Σ+ − b1Σ+ �[ (1,1)�[��=Ä~ê Bυ

±9�\ (10) ªO�� 15 ^ P|¢�Ì�éA�=Äþfê

(1,1) band

Bυ
[16] 0.5015145(υ = 1)

0.4966393(υ = 1)

J1 12

J2 5

J3 13

J4 14

J5 16

J6 17

J7 23

J8 21

J9 22

J10 26

J11 45

J12 27

J13 28

J14 32

J15 44

1Ì~ê5g©z [16].

lL 2 ¥·��±wÑ, éuT�[�, ^ (10)

ªO����u�1ÌØ=U
°(/E®�

¢�1Ì, ����
¢�þJ±����(

�p-u�Ì�êâ. ¤knØu�1ÌÑ÷v

�â^� (11)—(13)ª. Ram[16] *ÿ�
TÌ�

X� 39 ^ P |u�Ì�, ±ù|Ì� (M = 39)

��Ñ\U?, zgl¥]ÀÑ 15 ^Ñ5¿|

^ (10) ª¦), ok�|�U÷v�â (11)—(13)

ª, l�ª]ÀÑU�Ð/L�T P |Ôn&

E� 15 ^Ì� (®^çNIÑ), ¿d§���


�¹p-u=Ä� J = 80 3S�¤k�[

Ì�. ^ (10) ªO����nØÌ��®��¢

���m�ýéØ�þØ�L 0.02 cm−1 Xé=

Äþfê J = 43 �=Ä�, ¢�þ¿�¼�Ì

�êâ, #úª��ýó
T=Ä��u�1

Ì ν43 = 8035.2774 cm−1. 3ØÈ�ò5, e¢

�þU¼�T=Ä�°(�Ì�êâ, Ø�O�

TÌ�¤^� 15 ^¢�Ì�kØ��Ñ�Ø�,

@o, §�·��nØêâ'��Ø�AØ¬�

L 0.02 cm−1. Ï�3# (10)ª�A^¥, ¦^�Ñ

´®��¢�Ì�, �vk�?ÛêÆ[ÜÚÔn

Cq, cÙ´¦^
�(�Ôn�â. ¢�þ, ù


�âUk��é¢�Ì�¤�¹���Ø�?1

£O, lr¢�êâ¤�¹�Ø�����(Ô

n&E×ÀÑ5, u´�3nØþýó�(��=

Ì�.

ã 1 NbN©f d
1Σ+—b

1Σ+ �[ (1,1)�[� P|�¢��

[Ì�� (“©” �©z [16] �¢��, “+” � (10)ª���nØ

�)

�
?�Ú@£ (10)ª��(5, ã 1 '��

*/£ã
 (1,1) �[��Ì�Å�. ã¥� “©”

L«T�[��®�¢�Ì�Å�, “+” L«�´

nØÌ��Å�. Tã�ß/L²
ü«Ì�Å�

ÎÜ��~Ð, �nØÅ�òY
¢�Å��uÐ

ª³. ù
êâÚã�¿©/`²
|^ (10) ª

Ú (11)—(13)ª�Ôn�â¼��p-u�=��

u�Ì�´�(�.

L 2 NbN ©f d
1Σ+ − b

1Σ+ �[ (1,1)�[�� P |�[Ì��¢��nØêâ (ü : cm−1)

(1,1) band

J νJ,expt
[16] νJ,cal expt.–cal. ∆J,expt ∆J,cal

0 8068.9347

1 8067.9414

2 8066.9579 0.9835

3 8065.9842 0.9738
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L 2 (Y)

(1,1) band

J νJ,expt
[16] νJ,cal expt.–cal. ∆J,expt ∆J,cal

4 8065.0202 0.9640

5 8064.0640 8064.0660 −0.0020 0.9542

6 8063.1400 8063.1216 0.0184 0.9240 0.9444

7 8062.1870 8062.1870 0.0000 0.9530 0.9346

8 8061.2550 8061.2623 −0.0073 0.9320 0.9248

9 8060.3480 8060.3474 0.0006 0.9070 0.9149

10 8059.4450 8059.4423 0.0027 0.9030 0.9051

11 8058.5471 0.8952

12 8057.6610 8057.6618 −0.0008 0.8853

13 8056.7890 8056.7865 0.0026 0.8720 0.8754

14 8055.9210 8055.9210 0.0000 0.8680 0.8654

15 8055.0680 8055.0655 0.0025 0.8530 0.8555

16 8054.2200 8054.2200 0.0000 0.8480 0.8455

17 8053.3830 8053.3845 −0.0015 0.8370 0.8355

18 8052.5590 8052.5590 0.0000 0.8240 0.8255

19 8051.7410 8051.7436 −0.0026 0.8180 0.8154

20 8050.9390 8050.9382 0.0008 0.8020 0.8053

21 8050.1430 8050.1430 0.0000 0.7960 0.7952

22 8049.3600 8049.3579 0.0021 0.7830 0.7851

23 8048.5800 8048.5830 −0.0030 0.7800 0.7749

24 8047.8170 8047.8183 −0.0013 0.7630 0.7647

25 8047.0660 8047.0638 0.0022 0.7510 0.7545

26 8046.3210 8046.3195 0.0015 0.7450 0.7442

27 8045.5850 8045.5856 −0.0006 0.7360 0.7339

28 8044.8620 8044.8621 0.0000 0.7230 0.7236

29 8044.1490 8044.1489 0.0002 0.7130 0.7132

30 8043.4570 8043.4461 0.0109 0.6920 0.7028

31 8042.7570 8042.7537 0.0033 0.7000 0.6923

32 8042.0720 8042.0719 0.0001 0.6850 0.6818

33 8041.4000 8041.4006 −0.0006 0.6720 0.6713

34 8040.7400 8040.7399 0.0001 0.6600 0.6607

35 8040.0898 0.6501

36 8039.4504 0.6394

37 8038.8170 8038.8217 −0.0047 0.6287

38 8038.2020 8038.2038 −0.0018 0.6150 0.6179

39 8037.5970 8037.5967 0.0003 0.6050 0.6071

40 8036.9950 8037.0005 −0.0054 0.6020 0.5963

41 8036.4110 8036.4151 −0.0041 0.5840 0.5853

42 8035.8350 8035.8408 −0.0058 0.5760 0.5744

43 8035.2774 0.5633

44 8034.7250 8034.7251 −0.0001 0.5523

45 8034.1840 8034.1840 0.0000 0.5410 0.5411

46 8033.6550 8033.6540 0.0010 0.5290 0.5300

47 8033.1420 8033.1353 0.0067 0.5130 0.5187

48 8032.6279 0.5074
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L 2 (Y)

(1,1) band

J νJ,expt
[16] νJ,cal expt.–cal. ∆J,expt ∆J,cal

49 8032.1319 0.4961

50 8031.6472 0.4846

51 8031.1741 0.4731

52 8030.7125 0.4616

53 8030.2625 0.4500

54 8029.8242 0.4383

55 8029.3976 0.4266

56 8028.9829 0.4147

57 8028.5800 0.4029

58 8028.1891 0.3909

59 8027.8102 0.3789

60 8027.4434 0.3668

61 8027.0887 0.3546

62 8026.7463 0.3424

63 8026.4162 0.3301

64 8026.0985 0.3177

65 8025.7933 0.3052

66 8025.5006 0.2927

67 8025.2205 0.2801

68 8024.9532 0.2673

69 8024.6986 0.2546

70 8024.4570 0.2417

71 8024.2282 0.2287

72 8024.0126 0.2157

73 8023.8100 0.2025

74 8023.6207 0.1893

75 8023.4447 0.1760

76 8023.2820 0.1626

77 8023.1329 0.1491

78 8022.9973 0.1356

79 8022.8755 0.1219

80 8022.7673 0.1081

�[Ì�U?� ∆J = νJ−1 − νJ .

4 ( Ø
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Abstract

The accurate P-branch spectral lines of high-lying rotational quantum states of (1,1) band ind1
Σ

+—b1
Σ

+ electronic state

transition of NbN molecule are obtained in this work using the analytical formula proposed in Sun’s previous work. The formula not

only reproduces all known experimental spectral lines excellently, but also generates the correct values of the unknown spectral lines

up toJ = 80 that are unavailable experimentally for this band.
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