
Chin. Phys. B Vol. 22, No. 12 (2013) 123401

Potential energy curve study on the 3Π electronic states
of Ga𝑋 (𝑋= F, Cl, and Br) molecules∗
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The potential energy curves (PECs) of the 3Π states of GaX (X = F, Cl, and Br) molecules are calculated using the
multireference configuration interaction method with a large contracted basis set aug-cc-pV5Z. The PECs are accurately
fitted to analytical potential energy functions (APEFs) using the Murrell–Sorbie potential function. The spectroscopic
parameters for the states are determined using the obtained APEFs, and compared with the theoretical and experimental
data available presently in the literature.
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1. Introduction

Group (III) halides show many physical and chemical
properties and broad prospects for application, therefore they
have received much attention for a long time. For example,
the gallium monohalide diatomic molecules GaX (X = F, Cl,
Br, I) play an important role as intermediates in the produc-
tion of new high-frequency and opto-electronic semiconduc-
tor devices.[1] Studies of gallium monohalides are currently
being carried out both experimentally and theoretically, which
have extended and deepened the comprehension of the prop-
erties of the electronic states of these molecules. The rota-
tional analyses of bands of the A3Π0+ and the B3Π1–X1Σ

systems of gallium monofluoride were studied by Barrow et
al.,[2] and the results was notable. Hoeft and Nair[3,4] ob-
served the microwave spectrum and reported on some accu-
rate spectroscopic constants (SCs) of these molecules. With
the development of computer technology, more and more the-
oretical studies on the electronic state structures of gallium
monohalides have been reported. In the 1990s, Mahieu et
al.,[5] Uehara et al.,[6] Dearden et al.,[7] Venkatasubramanian
et al.,[8] Sunanda et al.,[9] and Saksena et al.[10] conducted
some studies on the gallium monohalide diatomic molecules.
They corrected some errors reported in early work, obtained
more accurate SCs, and predicted the prospects of gallium
monohalide molecules as an efficient excimer laser system. In
1992, Kim and Balasubramanian[11,12] obtained the SCs and
potential energy curves (PECs) of GaCl and GaBr. In 1998,
Mochizuki and Tanaka[13] calculated the GaF molecule and its
positive ion by the coupled pair approximation and the config-
uration interaction method. In 1999, Barschlicher[14] studied

the contribution of the scalar relativistic correction to the gal-
lium halide bond energies. Yang et al.[15,16] calculated the
spectroscopic constants of the ground state and the low-lying
excited states of GaX (X = F, Cl, Br, and I) molecules using
the density functional theory (DFT). In 2005, Singh[17] col-
lected the available spectroscopic information on four gallium
monohalides. In 2006, the high resolution Fourier transform
spectrum of 69GaCl was studied by Saksena et al.[18]

Some studies about diatomic molecules have been car-
ried out through high-level ab initio calculations.[19–23] But
as far as we know, there has been no report on the APEF
for gallium monohalide diatomic molecules based on PECs
with high-level ab initio calculations. The effect of the elec-
tronic shell of halogen elements on the spectroscopic proper-
ties of the GaX molecules has not been reported. Therefore,
we first construct PECs containing dense energy points using
high-level ab initio calculations. Then we fit APEFs from the
PECs to conveniently perform further analysis or dynamical
calculations. The spectroscopic parameters are determined by
using the obtained APEF. The effect of the electronic shell of
halogen elements is also investigated.

2. Computational method and basis sets
2.1. Technical details for PECs

In the calculations, highly accurate valence internally
contracted multireference configuration interaction method
(MRCI)[24,25] is used to calculate the PECs for the 3Π elec-
tronic states of GaX (X = F, Cl, Br) complexes. MRCI is a way
to systematically include those configuration state functions
(CSFs) that contribute most significantly to the correlation en-
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ergy, and it is accurate in treating small systems, especially
dimers. In the process of our calculation, these MRCI calcu-
lations are preceded by complete active space self-consistent
field (CASSCF) calculations in which all valence molecular
orbitals are optimized. The aug-cc-pV5Z basis sets are used.
It means that (27s, 18p, 14d, 4f, 3g, 2h) primitive Gaussian
functions are contracted to [9s, 8p, 6d, 4f, 3g, 2h] for Ga atom.
As for F, Cl, Br atoms, the basis sets give (15s, 9p, 5d, 4f, 3g,
2h)→ [7s, 6p, 5d, 4f, 3g, 2h] for F, (21s, 13p, 5d, 4f, 3g, 2h)
→ [8s, 7p, 5d, 4f, 3g, 2h] for Cl, and (27s, 18p, 14d, 4f, 3g, 2h)
→ [9s, 8p, 6d, 4f, 3g, 2h] for Br, respectively. The energies of
PECs are calculated in the range of internuclear distances from
1.2 Å to 12.25 Å in steps of 0.05 Å. In order to obtain more
accurate PECs, we take the effects of Davidson correction into
account. All calculations are performed with the MOLPRO
program package.[26]

2.2. Analytical potential energy function and spectro-
scopic parameters

The PECs are then fitted into APEFs in the form of
Murrell–Sorbie (MS) potential energy function. The MS
potential energy function can accurately reproduce interac-
tion potential energies of many neutral and cationic diatomic
molecules, and the general expression is

V (ρ) =−De

(
1+

n

∑
i=1

aiρ
i

)
exp(−a1ρ), (1)

where ρ = R−Re, with R and Re being the internuclear dis-
tance and equilibrium bond length respectively; De is the dis-
sociation energy; αi and De are the parameters that can be
determined by fitting. After trying a series of fittings, we find
that for the gallium monohalide diatomic molecules, reason-
able APEFs of the 3Π electronic states can be obtained when
n equals 9.

As done in our previous work, De and Re are equally
treated as fitting parameters in order to obtain more accurate
fitting results. We calculate their root-mean-square (RMS) er-
ror by judging the quality of the fitting results. The RMS can
be represented as

RMS =
1
N

√
N

∑
i=1

(VAPEF−Vab initio)2, (2)

where VAPEF and Vabinitio are energies given by the fitting and
ab initio calculations, respectively, and N is the number of
points. RMS values are in cm−1.

Based on the relationship equations among spectroscopic
parameters and APEF, the spectroscopic parameters can be
calculated. Furthermore, the precision and credibility of the
APEF can be testified by comparing the calculated spec-
troscopic parameters with experimental counterparts directly.

First of all, the force constants can be determined from the
parameters of MS potential energy function as

f2 = De(a2
1−2a2),

f3 = 6De

(
a1a2−a3−

a3
1

3

)
,

f4 = De(3a4
1−12a2

1a2 +24a1a3−24a4), (3)

where f2, f3, and f4 are quadratic, cubic, and quartic force
constants, respectively. Then the spectroscopic parameters are

Be =
h

8πcµR2
e
, (4)

ωe =

√
f2

4π2µc2 , (5)

αe =−
6B2

e

ωe

(
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f3Re

3 f2

)
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ωeχe =
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8

[
− f4R2

e

f2
+15

(
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ωeαe

6B2
e

)2
]
. (7)

In the above equations, Be is the rigid-rotational factor, αe

is the nonrigid-rotational factor, ωe is the harmonic vibrational
frequency, and ωeχe is the inharmonic vibrational factor.

3. Results and discussion
3.1. PECs for GaXXX molecules

In order to display their characteristics clearly, all of the
PECs of the 3Π electronic states for GaX molecule, obtained
at MRCI /aug-cc-pV5Z, are shown in Fig. 1 with setting all
dissociation limits of the PECs to be zero. It means that the
energies of the lowest points on the PECs are the dissocia-
tion energies. From Fig. 1, one can find that from F to Br,
the minimum positions of the PECs become larger and larger,
while the dissociation energies become smaller and smaller. It
means that the bonds become weaker with the increase of the
electronic shells of the halide atoms.
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Fig. 1. (color online) PECs of the 3Π electronic states of GaX .

3.2. APEFs of the states

Based on the PECs, the APEFs are deduced using the MS
function and nonlinear least square fitting method. The ob-
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tained parameters are listed in Table 1. RMSs are also pre-
sented in order to evaluate the quality of the fitting process
quantificationally. As can be seen in the table, all of the er-
rors are tolerable. The largest RMS is 42.9 cm−1, which is
much smaller than the chemical accuracy (1.0 kcal/mol or
349.755 cm−1). This indicates that the fitting processes and
the deduced APEFs are creditable to be used for some further
studies, for instance, to optimize stabilities of clusters, to in-
duce polyatomic APEFs or to perform collisional calculations.
Also, it confirms that MS function is very suitable for repro-
ducing the PECs of GaX molecules.

Table 1. Parameters of MS potential energy function for the 3Π elec-
tronic states of GaX .

GaF GaCl GaBr
De/cm−1 19585.13969 11805.01175 8968.45657

Re/Å 1.76668 2.18247 2.32878
a1/Å 2.95807 2.07014 2.28757
a2/Å –0.53225 –2.7914 –2.37198
a3/Å –1.88183 –1.3997 –1.23509
a4/Å –4.04512 1.08979 0.6254
a5/Å 1.97755 2.30113 1.06335
a6/Å 3.71997 –2.43899 –0.31704
a7/Å –3.16928 0.91071 –0.25041
a8/Å 0.85454 –0.15069 0.11845
a9/Å –0.07676 0.00929 –0.01329

RMS/cm−1 38.4 31.1 42.9

3.3. Spectroscopic properties

Using the fitted APEFs and Eqs. (4)–(7), we calculate the
spectroscopic parameters of the states. The calculated spec-
troscopic parameters of the ground state of GaX molecules,
and previous experimental and theoretical data, are listed in
Table 2. As can be seen from the table, our present calcu-
lated values of the spectroscopic parameter Res of GaX are
close to the experimental values[2,27,30] and the theoretical
values.[11,12,16,31] It is found that the electronic shells of X be-
come bigger and the Res of GaX turn bigger. The present Des
2.43 eV, 1.46 eV, and 1.11 eV are close to the previous cal-
culated values 2.09 eV, 1.40 eV, and 1.24 eV for GaF, GaCl,
and GaBr,[16] respectively. However, the present De of 1.1 eV
for GaBr is obviously larger than 0.851 eV given by Yang et
al.[31] using MRCI with a smaller aug-cc- pVQZ basis sets. It
shows that the basis sets play a significant role in the disso-
ciation energy. Unfortunately, no experimental values of De

have been found to date. We hope that the present calculated
results can be used as a reference for further study. The data
of De show that with the increase of X atomic mass, the De

becomes smaller and smaller. From the fact that the Res of
GaX become longer and the Des of GaX turn smaller, we can
conclude that the increase of the electronic shells of GaX leads
to the decrease of the energy stability of the molecules.

Table 2 also shows that the present values of ωe are in
agreement with the experimental data[10,17,30] and are bet-
ter than theoretical data in the literature.[11,16] For GaBr, the
present values of ωe are larger than experimental values, but
the results given by Yang et al.[31] at MRCI/aug-cc-pVQZ are
closer to the experimental values. It implies the present high-
level ab initio calculations are necessary to improve the com-
putational values of ωe, however, the aug-cc-pV5Z may over-
estimate the interaction between the atoms. For GaF, the ex-
periment displays the spin–orbit split states A3Π+ and B3Π1.
The present result with no spin–orbit coupling effect should
be compared with the average value. Our ωe of 658.825 cm−1

is very close to the average experimental value of A3Π+ and
B3Π1

[17] and is a little better than that given by Yang et al.[16]

For GaCl and GaBr, our value of ωe is 3% larger than the aver-
age experimental values of A3Π+ and B3Π1.[10,30] Carefully
examining the table, one can find that the present Bes and αes
of the three molecules are in excellent agreement with experi-
mental data.[2,17,28,29] These facts imply that the present PECs
and APEFs are accurate and can safely be used for wider in-
vestigations.

Table 2. Spectroscopic parameters for the 3Π electronic states of GaX .

GaF GaCl GaBr

Re/Å

present 1.7667 2.1824 2.3288

expt.
A3Π+ 1.7476 a) 2.146 b) 2.295 h)

B3Π1 1.7458 a) 2.152 b) 2.296 h)

theor. 1.7426 i) 2.164 e) 2.347 d)

2.2972 j)

De/eV
present 2.4282 1.4636 1.1119

theor.
2.09 i) 1.40 i) 1.24 i)

0.851 j)

ωe/cm−1

present 658.825 408.814 284.651

expt.
A3Π+ 663.0 k) 395.130 c) 274.310 h)

B3Π1 662.1 k) 394.710 c) 274.980 h)

theor. 657.18 i) 370 e) 272.1 j)

ωexe/cm−1

present 2.50427 2.03775 1.44225

expt.
A3Π+ 2.18 b) 2.278 c) 1.560 f)

B3Π1
1.45 b) 2.286 c) 1.600 f)

2.3 b)

Be/cm−1
present .361736 0.150598 0.0834882

expt.
A3Π+ 0.3705 a) 0.158485 g) 0.085830 f)

B3Π1 0.3715 a) 0.158640 g) 0.085710 f)

αe/cm−1
present 0.002378 0.0007472 0.0004142
expt. A3Π+ 0.0030 k) 0.001917 g) 0.000660409 f)

B3Π1 0.0030 k) 0.00103528 g) 0.000720144 f)

a) Ref. [2], b) Ref. [27], c) Ref. [10], d) Ref. [12], e) Ref. [11], f) Ref. [28],
g) Ref. [29], h) Ref. [30], i) Ref. [16], j) Ref. [31], k) Ref. [17].

4. Conclusions
The APEFs of the 3Π state of GaX (X = F, Cl, and Br)

molecules are obtained based on the PECs at MRCI/aug-cc-
pV5Z. It is found that the spectroscopic parameters deter-
mined with the APEFs are in agreement with experimental and
theoretical results available in the literature. It is confirmed
that the present APEFs accurately reproduce the interaction
between the Ga and X (X = F, Cl, Br) atoms and can be used
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for more investigations. It is also found that the energy stabil-
ity of the GaX molecule decreases with the electronic shells of
X atoms increasing.
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