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BeCl ©©©fff>>>fff---uuu������õõõëëë���|||������ppp���^̂̂OOO���
4Ár ÜäÀ†

( ìÀ�-1 1�&EEâ­:¢�¿, ­H���ÆÔnX, ­H 273165 )

( 2011 c 2 � 18 FÂ�; 2011 c 5 � 4 FÂ�?Uv )

$^¹ Davidson ?��õë�|��p�^�{, 3 aug-cc-pVTZ Ä|Y²þ, é BeCl ©fÄ�Ú�Óõ­
Ý�A�$>f-u�?1
³U×£O�. ÏL+Ø�n(½�>f�é¡59l)4�. òÙ¥Ä� (X2Σ+)

Ú1�-u� (A2Π ) éA�³U­�[Ü� Murrell-Sorbie )Û³U¼ê/ª, ��Ä� (X2Σ+) �l)U9
Ì�1Ì~ê ()Ò¥�©z [6] Jø�¢��) � De = 3.74 eV, Re = 0.18173 nm (0.17970), we = 857.4 cm−1

(847.2), wexe = 5.03 cm−1(5.14), Be = 0.7103 cm−1 (0.7285), αe = 0.0059 cm−1(0.0069), 1�-u� (A2Π )
� De = 3.02 eV, Re = 0.18369 nm (0.18211), we = 832.7 cm−1(822.1), wexe = 5.93 cm−1(5.24), Be = 0.6953 cm−1

(0.7094), αe = 0.0065 cm−1(0.0068), O�(J�¢��ÎÜ��Ð. ,	, ÏL Level §S¦)V�f»�Ø$Ä
� Schrödinger �§�� J = 0 � BeCl ©fùü�>f���Ü�ÄU?.

'�c: BeCl, õë�|��p�^O�, -u�³U­�, 1Ì~ê

PACS: 31.50.Bc, 31.50.Df, 31.15.vn

1 Ú ó

ïÄ©f³U¼ê´�f�©fÔn�­�
����. ©f³U¼ê´3 Born-Oppenheimer C
qeé©f�Uþ!AÛ(�!åÆ±91Ì5
����£ã [1]. BeCl ©f��-�!�Ní?
J½V\J��7ázÜÔ, Ù39zÆ!-�
ÔnÆ!UNÔnÆ�Æ�¥É�4��­À,
Ù¥���l)U�¼�9-u��5�´<�
'5�­:��. BeCl ©f�ü�­��>f�
´Ä� X2Σ+ Ú-u� A2Π . éuÄ� (X2Σ+)
l)U�ïÄ, Farber Ú Srivastava[2] ���9z
Æ l ) U � 4.51 eV; Hildenbrand Ú Theard[3] |
^ � Ì { � Ñ � � � 3.98 eV; Carleer � [4] ^
�ý)l�{�Ñ 3.45 eV; Gaydon[5] 35V�
f © f l ) U � 1 Ì 6 � Ö ¥ � Ñ � ï Æ �
� 3.0 eV. é u - u � A2Π l ) U � ï Ä, �
�©z��. Colin � [6] é BeCl ©f�Å�>
p©EÇ¥éA A2Π—X2Σ+ �[ 0-0, 1-1, 1-0
Ú 2-1 Ì��=Ä©Û, �Ñ A2Π ��Ì�©f
~ê� Te = 27992.90 cm−1, we = 822.11 cm−1,
wexe = 5.24 cm−1, Be = 0.7094 cm−1, Re =

0.18211 nm. Rajamanickam � [7] ^ Singh’s ²�
³U­� [8] Ú Hulbert-Hirschfelder ¼ê [9] [Ü
O�
Ä� X2Σ+ �l)U� 4.50 eV. ,	, '
u BeCl ©f-u��)Û³U¼ê!1Ì5�±
9Ä�Ú-u��ÄU?�ïÄ�����. Cc
5, �
÷v#�õUá��ïÄI¦, <��\
�
éwè�f�®x�¤�üN®zÔ�ïÄ
,� [10−16].

�©��$^õë�|��p�^ (MRCI+Q)
�{é BeCl ©f�$A��­>f��³U­
�?1O�, ¿A^ Murrell-Sorbie )Û³U¼ê
[ÜÄ�Ú1�-u��³U­�¦��A>
f��1Ì~ê, O�(J�yk¢�êâÎ
Ü�Ð, ¿^ Level §S¦)V�f»�Ø$Ä
� Schrödinger �§, �� J = 0 �Ä�Ú1�-u
��¤k�ÄU?.

2 O��{

BeCl © f Ä � 9 - u � � ³ U ­ � × £
´ | ^ ORCA § S [17] 3 � � ¹ 5 � m g U
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| (CASSCF)[18] O��Ä:þ?1õë�|�
�p�^ (MRCI)[19,20] O��¤�. O�©o�
Ú½: �´`z BeCl ©f�., À^ Dunning .
Ä| aug-cc-pVTZ[21](�¹�Ñ� Dunning �'g
U4zn zeta dÄ|), ^��� HF gU|�{
`z�� BeCl ­��.; �´æ^�Ä
>f
�'��� Moller-Plesset (MP2)[22] �6�{O�
©fg,;�, O�¥>f�Ý�ïæ^tÑ�
ÝÀ�; n´ CASSCF O�, Ð©©f;�ßÿæ
^ MP2 O�ÑÑ�g,;�, ò>fÓâg,;
�ê�3 0.015—1.990 �m�;��� CASSCF
O��¹Ä;�, ¿dd(½¹Ä>fê; o´æ
^ Davidson ?�� MRCI O�, = (MRCI+Q) O
�.

é MRCI+Q O����³U­�[Ü´æ^
nëê/ª� Murrell-Sorbie (MS) ¼ê [23] �¤�,
³U":ÀJåP����?, K MS ¼ê/ª�

V (ρ) = De − De

(
1 +

3∑
i=1

aiρ
i
)

exp(−a1ρ), (1)

Ù¥ ρ = R − Re, Re �²ïØmå, De �l)U,
ai �[Üëê. [Ü¥ Re, De Ú ai þ���½�.
d MS ¼ê����!n�!o�å~ê�

f2 = De(a2
1 − 2a2), (2)

f3 = 6De

(
a1a2 − a3 −

a3
1

3

)
, (3)

f4 = De(3a4
1 − 12a2

1a2 + 24a1a3). (4)

dù
å~ê��1Ì~ê

Be =
h

8π2cµR2
e

, (5)

αe = −6B2
e

ωe

(f3Re

3f2
+ 1

)
, (6)

ωe =

√
f2

4π2µc2
, (7)

ωeχe =
Be

8

[−f4R
2
e

f2
+ 15

(
1 +

ωeαe

6B2
e

)2
]
, (8)

Ù¥ µ �©f��z�þ, Be ´f5=ÄÏf, αe

��f5=ÄÏf, ωe Ú ωeχe ©O���ªÇÚ
��5~ê.

éu>f��ÄU?�O�´$^ Le Roy J
ø� Level 8.0 §S [24] �¤�.

3 O�(J9©Û

3.1 BeCl ©©©fffÄÄÄ���ÚÚÚ---uuu������³³³UUU­­­���

À ^ aug-cc-pVTZ Ä |, SCF O � ¥ � Be
� f d [21s6p3d2f] Â   � [5s4p3d2f], Cl � f
d [42s17p3d2f] Â � [6s5p3d2f], Â Ä¼êo
ê� 96. MP2 O�Jø�>fÓâg,;�ÙÛ
w«, g,;� N[6]—N[13] �>fÙÛ3 0.015—
1.990 �m, ��9 9 �>f, � CASSCF O�æ
^ CAS (9,8) ?1. CAS O��9�|�ê� 1016,
|�¼ê (CSFs) ê� 2352. MRCI+Q O�¥æ^
�-ua.� CISD[25](=ü!V-u CI), ÀJ;
�U3 −1.5 Hartree—1000.0 Hartree �©f;�^
u�'O�?n, MRCI ���p�^�mÚë�
�m�ÀJÄO�©OÀ�� Tsel = 10−6 Hartree
Ú Tpre = 10−4 Hartree, �m���Ø��5d
�? Davidson ?� [26] �¤. BeCl �Ä��V­
� X2Σ+, �¼��Óõ­Ý�>f-u�³U­
�, ·�À��$�o��­�?1 MRCI+Q ³U
­�×£O�, «�� R = 0.1 nm—0.8 nm, � 70
�:, Ú�Cq� 0.01 nm. ã 1 ´ MRCI+Q O��
�� BeCl ©f�$A��­��³U­�.

ã 1 MRCI O�� BeCl ©f�³U­�

ã 1 ¥1�^³U­� (=>fÄ�) ¥y­
��A�, 1�Ú1n^³U­���­U��
Ä�Ã��, ¿�XÙ��{¿�, 1o^³U
­�²wéA��l)>f�, ��1�^­�
3 Rc = 0.236 nm NC��. w,, ¤O��­�
¿�X BeCl ª�uü�ØÓ�l)4�. �
(
½ù
>f��é¡á5, |^©f>fG��
E�+Ø�n, Äk(½ Be Ú Cl �fÄ�9-
u��é¡5, ,�$^é¡5�È�{(½©
f>f��é¡5. ORCA §S3 MRCI O��
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¡äk²w`³, �é©fé¡5�A^ÿ�©k
� [17]. �(½ BeCl ©f>f�é¡5Úl)4
�, ·�A^ Gaussian03 §S [27], 3 aug-cc-pVTZ
Ä|ed TDDFT[28] �{O� Be �f��$A�
ü­�Ún­�, (J´ 1Sg (0 eV), 3Pu(2.09 eV),
1Pu(4.88 eV)· · · . ^Ó��{O� Cl �f��$A
��­�Úo­�, (J´ 2Pu(0 eV), (8.76 eV)(5:
T�éA�©f;�é¡5"�, ØB(½Ùé
¡5, �Uþ�p, Ø3·�'%���, �Ø�
�Ä)· · · . ��, Uþ�$�ü��f��|Ü
´ Be(1Sg)+Cl(2Pu) Ú Be(3Pu)+Cl(2Pu). d�f�
é¡5� D∞h :+Ø��L«�m�'é'X,
Sg → Σ+

g , Pu → Σ+
u + Πu, �Äg^õ­Ý, |

^�ÈO�, ����eI g, u, ��éAl)4
�� Be(1Sg)+Cl(2Pu) �©f�� 2Σ+ Ú 2Π , Ú
ã 1 �O�(J'�, ��TÐ´Ä� X2Σ+ Ú
l)� 2Π . du¢�9©z¥ÿ�J9Tl)
�, ·�6òÙI� U �, = U2Π . éAl)4
�� Be(3Pu)+Cl(2Pu) �©f�k 2Σ+ (2), 2Π (2),
2Σ− Ú 2∆, � 6 �>f�. ��, éAùü�l)
4�, kn� 2Σ+, n� 2Π , �� 2Σ− Ú�� 2∆.
Ó�, 3 aug-cc-pVTZ Ä|ed TDDFT �{é?
u²ïØ�. Re = 0.18173 nm � BeCl ?1-u
�O�, Uþd$�p, ©fÄ�9-u��é¡
5�g´ 2Σ+, 2Π , 2Π , · · · . ù�, ·��òã 1 �
>f��gIÑ� X2Σ+, A2Π Ú U2Π .

3.2 MS ¼¼¼êêê[[[ÜÜÜ999©©©fff111ÌÌÌ~~~êêê

nëê MS ¼ê�éÐ/^uäkü�4
� � � V � f å P � ³ U ­ � � [ Ü. d ã 1
� MRCI O�(Jw«, �Ømå R �u 0.4 nm
�m, ³U­�®²²wª�ul)4�. � R

�u 0.58 nm �m, ­��
ÑyØ5KÅÄ, ù
w,´ØÜn�, �^ MS ¼ê[Ü³U­��,
À� 0.10 nm—0.58 nm m� MRCI O�ê�. ã 2
¥¢�´éÄ� X2Σ+ Ú1�-u� A2Π �[
Ü(J, ãSê��[Ü¤�ëê9 �, Ù¥
l)U De �ü ´ eV, ²ïØmå Re �ü 
´ nm, ëê a1, a2, a3 �ü �g´ nm−1, nm−2

Ú nm−3. ³U¡×£� MRCI O�¥, Ï�Ú�
� 0.01 nm, ¤±dÙO�¤�� Re  ��Cq�
�� (±0.005 nm). L 1 �Ñ
 Re, De � MRCI O

��, MS [Ü�9�'�¢��.

ã 2 MS ¼êé (a) Ä� X2Σ+ Ú (b) -u� A2Π

³U­��[Ü

L 1 BeCl ©fÄ� (X2Σ+) Ú-u� (A2Π ) � Re Ú De

�{
Re/ nm De/ eV

X2Σ+ A2Π X2Σ+ A2Π

MRCI 0.18±0.005 0.18±0.005

MS [Ü 0.18173 0.18369 3.74 3.02

¢�� 0.17970[6] 0.18211[6] 4.51[2]

3.98[3]

3.45[4]

3.0[5]

MS ¼ê[Ü� Re ��¢��'�, [Ü�
þ��u¢��, � �=� 0.002 nm, ��[Ü
(Jäk�½��&Ý. éul)U, duØÓ
�¢��Ñ�(JØÓ, X©z [2] �� X2Σ+

��9zÆl)U� 4.51 eV, ©z [3] �Ì{�
Ñ��� 3.98 eV, Carleer �^�ý)l�{�
Ñ 3.45 eV[4], Gaydon �ïÆ�� 3.0 eV[5]. éu-
u� A2Π l)U�ïÄ, ��©z��. MS [Ü
�Ñ� X2Σ+ �Ú A2Π �l)U©O´ 3.74 eV
Ú 3.02 eV.
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L 2 BeCl ©fÄ�9-u��1Ìêâ

� �{ we/cm−1 wexe/cm−1 Be/cm−1 αe/cm−1

X2Σ+ O�� 857.4 5.03 0.7103 0.0059

¢�� [6] 847.2 5.14 0.7285 0.0069

A2Π O�� 832.7 5.93 0.6953 0.0065

¢�� [6] 822.1 5.24 0.7094 0.0068

L 2 ´d�â MS [Ü���ëê¤O��
��1Ì~ê. �¢��'�, Ä�Ú-u���
�ªÇþ��u¢��,  �þ3 1%�m. Ù¦�
~ê��~�Cu¢��.

3.3 BeCl ©©©fffÄÄÄ���ÚÚÚ---uuu���������ÄÄÄUUU???

A ^ Le Roy J ø � “Level 8.0, A computer
program for solving the radial Schrödinger equation
for bound and quasibound levels” § S [24], é å
P � X2Σ+ Ú A2Π ¤ k � U � � Ä U ? (�
= Ä J = 0) ? 1 O �. Ä u R = 0.10 nm—
0.58 nm ��S MRCI O���� 48 �³U:Ú
c¡ MS ¼ê[Ü��� X2Σ+ Ú A2Π ��l)
4� De(X2Σ+) = 3.74094 eV = 30172.7 cm−1,
De(A2Π) = 3.01597 eV = 24325.4 cm−1, � »

�È©�ú RH = 0.0001 nm, È©«�� R =
0.06 nm—9.90 nm. À^á�¸^¼ê�� MRCI
O�ê�m�S�¼ê, ê�«m	�³U	í
¼ê©OÀ^�ê¼ê (R < 0.06 nm) Ú��¼
ê (R > 0.57 nm). é X2Σ+ Ú A2Π �, ©OO�
�� 56 Ú 47 ��ÄU?, L 3 ´�Ñ�ü>f�
�ÄÌ��.

d u A2Π � � > f l ) � U2Π 3 Rc =
0.236 nm ?��, � A ��3ýl). éì A2Π �
)Û³U­�, �ã 2, ��? V (Rc) = 1.1344 eV=
9150 cm−1, ?u Level O�� υ = 12 Ú υ = 13 �
m, �dýÿ, A2Π ← X2Σ+ >f��[-u
Ì¥, �-uUpu υ′=12 �U?, K?u A2Π

�� BeCl ©fK�U÷l)� U2Π 
)l, ¦
� � u υ′ = 12 � � Ä Ì � � �, � d ? � Ì
�²w\°.

L 3 BeCl ©fÄ�9-u���ÄU?

υ
G(υ)/cm−1

υ
G(υ)/cm−1

υ
G(υ)/cm−1

υ
G(υ)/cm−1

2Σ+ 2Π 2Σ+ 2Π 2Σ+ 2Π 2Σ+ 2Π

0 413 327 14 10864 10171 28 19588 18487 42 26560 23580

1 1233 1114 15 11543 10834 29 20151 18977 43 26969 23745

2 2039 1891 16 12213 11485 30 20704 19451 44 27363 23866

3 2831 2657 17 12872 12125 31 21248 19908 45 27738 23926

4 3607 3412 18 13522 12760 32 21782 20349 46 28091 23965

5 4372 4150 19 14163 13392 33 22305 20771 47 28422

6 5128 4866 20 14797 14018 34 22819 21176 48 28728

7 5876 5549 21 15424 14636 35 23324 21561 49 29006

8 6615 6195 22 16044 15239 36 23819 21924 50 29248

9 7344 6829 23 16655 15823 37 24305 22265 51 29452

10 8065 7478 24 17259 16385 38 24781 22582 52 29618

11 8776 8144 25 17854 16929 39 25245 22873 53 29738

12 9480 8819 26 18440 17461 40 25696 23140 54 29805

13 10176 9498 27 19018 17981 41 26135 23377 55 29815
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4 ( Ø

� © é BeCl © f Ä � Ú A � $ > f - u
� $ ^ ¹ Davidson ? � � õ ë � | � � p �
^ (MRCI+Q) �{(Ü aug-cc-pVTZ Ä|?1

ü:U×£O�, |^+Ø�níä(á
�^
­�éA�>f�é¡59l)4�, ¿òÙ¥Ä

� X2Σ+ Ú1�-u� A2Π �³U­�$^n
ëê/ª� Murrell-Sorbie ¼ê?1[Ü, ��å
~ê91Ì~ê, ¤k(JÑ�¢��ÎÜ��Ð.
,	, ?�Ú¦)V�f©f»� Schrödinger �§
��
Ä�Ú1�-u�3 J = 0 ���ÄU?
¿ýÿ
�Ä1Ì, ¤�êâ�±� BeCl ©f¢
�ÚnØþïÄJø
�â.
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MRCI calculations for BeCl electronic excited states
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Abstract
Potential energy curves (PECs) for the ground state and several low-lying electronic excited states of BeCl molecule are calculated

using the multi-reference configuration interaction method with the basis set of aug-cc-pVTZ where the Davidson correction is con-
sidered as an approximation to full CI. The symmetries and dissociation limits for these electronic states are determined through group
theory. The PECs of ground state (X2Σ+) and first excited state (A2Π ) are fitted to the Murrell-Sorbie potential function, and from
the fitting parameters the spectroscopic constants are determined to be De = 3.74 eV, Re = 0.18173 nm (0.17970), we = 857.4 cm−1

(847.2), wexe = 5.03 cm−1(5.14), Be = 0.7103 cm−1(0.7285), and αe = 0.0059 cm−1(0.0069) (where the values in parentheses
are the cited experimental results) for X2Σ+ state and De = 3.02 eV, Re = 0.18369 nm (0.18211), we = 832.7 cm−1(822.1),
wexe = 5.93 cm−1(5.24), Be = 0.6953 cm−1(0.7094), and αe = 0.0065 cm−1(0.0068) for A2Π state of BeCl. All the calculation
results are in good agreement with the experimental values. In addition, we use the level program to calculate the radial Schrödinger
equation of nuclear motion to obtain the vibrational levels for the X2Σ+ and A2Π states.

Keywords: BeCl, multi-reference configuration interaction calculation, potential energy curves of excited states,
spectroscopic constants

PACS: 31.50.Bc, 31.50.Df, 31.15.vn
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