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The emission spectra of CeS have been investigated at high resolution with a Fourier transform spectrom-
eter. Several bands observed in the 4000–9000 cm�1 region have been classified into nine transitions
having five different lower states, X1(3), X2(P 2), X3(P 2), X4(P 3) and X5(0) based on X doubling and
relative branch intensities.

Out of these, the [7.54] (4) ? X1(3) transition consisting of 0–1, 1–2, 0–0, 1–1, 1–0 and 2–1 bands is
strongest in intensity. A rotational analysis of these bands provides equilibrium spectroscopic constants:
xe = 461.3947(14) cm�1, xexe = 1.00095(65) cm�1, Be = 0.118782207(15) cm�1, ae = 0.000341453(14)
cm�1 and re = 2.33522875(15) Å for the lower X1(X = 3) state. The [8.78] (P3) ? X2(P2) transition, for
which 0–0 and 0–1 bands were rotationally analyzed, provides DG½ = 458.87411(88) cm�1,
Be = 0.1187649(31) cm�1, ae = 0.0003401(37) cm�1 and re = 2.335399(31) Å for the X2(X P 2) lower state.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

While electronic spectra of many lanthanide-containing
diatomic oxides are known, only a few diatomic sulfides such as
LaS [1–4], YbS [5,6] and HoS [7] have been investigated in the
gas phase. The spectra of lanthanide-containing molecules are very
complex with a high density of states resulting from partially filled
f-orbitals. The electronic states of these molecules are Hund’s case
(c) states in which the spin components are widely separated and
only their X values remain as good quantum numbers. For most
lanthanide sulfides no spectroscopic data are available and in some
cases where data are available, knowledge of the low-lying elec-
tronic states remains fragmentary.

Among the cerium-containing molecules the electronic spectra
of only CeO and CeF have been investigated to date. CeO has been
investigated in detail, first by conventional spectroscopy [8], and
later by laser excitation spectroscopy [9–13] and many low-lying
electronic states have been identified. The experimental observa-
tions have been supported by several theoretical studies [14–16].
The electronic spectra of CeF have also been investigated in
previous experimental studies [17,18].

CeO has been of considerable interest because of its astrophys-
ical importance. This molecule has been identified in the spectra of
S-type stars by several workers [19–22] and there is a strong
possibility that CeS might also be found. So far no experimental
observations have been reported, and no experimental spectro-
scopic constants are available for CeS. Coppens et al. [23] have pro-
vided estimated values of the vibrational constant xe = 510 cm�1

and bond length re = 2.15 Å based on CeO. They have also reported
the dissociation energy D0 = 126 kcal/mol for CeS. In recent density
function calculations on lanthanide monosulfides, Luo et al. [24]
have predicted xe = 426 cm�1 and re = 2.36 Å for CeS while a vibra-
tional frequency of xe = 457 cm�1 has been provided [25] by some
primitive calculations.

The present work has been motivated by the need to obtain
spectroscopic parameters of CeS in the gas phase because of its
potential astrophysical importance. In the present paper we report
on the identification of a number of transitions of CeS in the near
infrared, with their 0–0 bands located near 4374, 4741, 6491,
7541, 7678, 6026, 8428, 8676 and 8781 cm�1. A tentative X-
assignment of the observed states has been proposed based on
the magnitude of the X-doubling and the relative intensity of the
Q, R and P branches in different bands.
2. Experimental

The spectra of CeS used in the present analysis were recorded
by S.P. Davis in thermal emission on 01/17/1989 [spectrum
#890117R0.002] at Kitt Peak. CeS was produced in a high
temperature carbon tube furnace (King furnace) by vaporizing
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Ce2S3 at a temperature of �2200 �C in an atmosphere of about
274 Torr of helium. The spectrometer was equipped with a CaF2

beam splitter, Si filter and InSb detectors. The spectra in the
1850–9150 cm�1 region were recorded using the 1-m Fourier
transform spectrometer of the National Solar Observatory at Kitt
Peak by co-adding 8 scans in about 2 h of integration at a resolu-
tion of 0.01 cm�1. The line positions were extracted using the
WSPECTRA program (M. Carleer, Free University of Brussels) by fit-
ting a Voigt line shape function to the individual spectral features.
The precision of measurement is expected to be of the order of
±0.003 cm�1 or better for the stronger and unblended lines. How-
ever, for rotational lines of weaker bands which are frequently
overlapped by lines of stronger bands, the measurement uncer-
tainty is expected to be of the order of ±0.005 cm�1 or higher. Sev-
eral new bands observed in the near infrared have been attributed
to CeS based on a rotational analysis. Prior to this experiment, the
furnace was used for the observation of near infrared bands of LaS;
therefore, some LaS bands of the A2P-A02D, transition were also
present as an impurity. In addition, molecular lines belonging to
the Dv = 2 overtone bands of CO, Ballik–Ramsay system of C2 and
Dv = �1 and �2 sequence bands of the A2Pi�X2R+ transition of
CN, were also present as impurities. We have used the CN lines
[26] to calibrate the wavenumbers of CeS lines. The molecular lines
were sorted into branches of different bands using a color Loomis
program running on a PC computer and rotational assignment was
made by comparing combination differences for common vibra-
tional levels.

3. Description of observed spectra

The spectrum of CeS in general is weak in intensity. In spite of
weak intensity, several new bands located near 4374, 4741,
6026, 6491, 7541, 7678, 8428, 8674 and 8781 cm�1 have been
rotationally analyzed and assigned as 0–0 bands of different tran-
sitions. A rotational analysis of some associated higher vibrational
bands has also been obtained. The main features of these transi-
tions are summarized in Table 1. Several much weaker bands still
remain unanalyzed. Since the spectra were recorded using a fur-
nace, no first lines were identified in any of the observed bands.

Spectroscopic constants for the observed states of different
transitions were determined by fitting the observed rotational
lines using the following simple term energy expressions:

For the X = 0 and X P 2 states without observed X-splitting:

FvðJÞ ¼ Tv þ Bv JðJ þ 1Þ � Dv ½JðJ þ 1Þ�2 þ Hv ½JðJ þ 1Þ�3

þ Lv ½JðJ þ 1Þ�4 ð1Þ

For X = 1 and higher X states with observed X-splitting:

FvðJÞ ¼ Tv þ Bv JðJ þ 1Þ � Dv ½JðJ þ 1Þ�2 þ Hv ½JðJ þ 1Þ�3

þ Lv ½JðJ þ 1Þ�4 � 1=2fqv JðJ þ 1Þ þ qDv ½JðJ þ 1Þ�2

þ qHv ½JðJ þ 1Þ�3 þ qLv ½JðJ þ 1Þ�4g ð2Þ
Table 1
Main features of CeS bands in the near infrared.

Transitionsa Main

[4.37] (X = 3) ? X1(X = 2) 1P, 1
[4.74] (X P 2) ? X4(X P 3) 1P, 1
[6.03] (X = 1) ? X5(X = 0) 1P, 1
[6.49] (X = 2) ? X1(X = 3) 2P, 2
[7.54] (X = 4) ? X1(X = 3) 1P, 1
[7.68] (X = 2) ? X1(X = 3) 2P, 2
[8.43] (X = 2) ? X1(X = 3) 2P, 2
[8.67] (X P 3) ? X3(X P 2) 1P, 1
[8.78] (X P 3) ? X2(X P 2) 1P, 1

a See the energy level diagram in Fig. 1, for lower state notations.
The rotational lines of all transitions connecting to the X1(X = 3)
state were fitted simultaneously. Rotational lines were weighted
based on their signal-to-noise ratio, extent of blending and the
effects of perturbations. The spectroscopic Tv, Bv and Dv were deter-
mined for all the lower states except for T0 values which were held
fixed at 0.0 cm�1. The higher order constants such as Hv, Lv, qv, qDv,
qHv, qLv were also determined for some excited states. A list of ob-
served rotational lines of CeS bands used in the final least-squares
fit along with their obs.-calc. residuals is provided on ScienceDirect
(www.sciencedirect.com) and as supplement-1 as part of the Ohio
State University Molecular Spectroscopy Archives (http://msa.lib.
ohio-state.edu/jmsa_hp.htm). The spectroscopic constants of
the observed electronic states are provided in Tables 2 and 3. The
molecular constants of the v = 0, 1 and 2 vibrational levels of the
X1(X = 3) and [7.54] (X = 4) states, and v = 0 and 1 vibrational lev-
els of the X2(X P 2) have been used to determine the equilibrium
constants for these three states, which are provided in Table 4.

A schematic energy level diagram of the assigned transitions is
provided in Fig. 1. As shown in this figure, five lower states, labeled
here as X1(X = 3), X2(X P 2), X3(X P 2), X4(X P 3), and X5(X = 0)
with similar rotational constants have been identified. Of these,
the X1 and X2 lower states have similar DG½ vibrational intervals
of 459.39 and 458.87 cm�1, respectively. A description of different
transitions is provided in the following sections.
3.1. Transitions with X1(X = 3) as a lower state

Rotational analysis indicates that five transitions with 0–0
bands located near 4374, 6491, 7541, 7678 and 8428 cm�1 have
a common lower state. The X-assignment of the upper and lower
states of these transitions is based on the presence or absence of
X doubling and the relative intensity of the P, Q and R branches.
These transitions have been labeled as [4.37] (4) ? X1(3), [6.49]
(2) ? X1(3), [7.54] (4) ? X1(3), [7.68] (2) ? X1(3) and [8.43]
(2) ? X1(3), where the values in square brackets are wavenumbers
of the 0–0 bands in units of 103 cm�1. Of these transitions, the
7541 cm�1 transition is the strongest in intensity and was analyzed
in the beginning. The analysis of this transition was helpful in
assigning the other transitions with the same lower state.
3.1.1. The [4.37] (4) ? X1(3) and [7.54] (4) ? X1(3) transitions
The 4374 and 7541 cm�1 bands consist of a single P, Q and R

branches (with intensity as Q > R > P) without any doubling in
the lines or any combination defects. This suggests that DX = +1
transitions are involved. No Dv = ±1 or higher vibrational bands
of this transition were identified in our spectra.

The 7541 cm�1 transition consists of Dv = �1, 0 and 1 sequence
bands and we have obtained a rotational analysis of the 0–1, 1–2,
0–0, 1–1, 1–0 and 2–1 bands. As will be described later, three other
transitions having the same lower state have resolved X-doubling
in the P, Q, R branches consistent with X = 2 assignment for their
upper states. This observation has suggested that the X1 lower state
features

Q, 1R branches with intensity of Q > R > P, no doubling, no combination defects
Q, 1R branches with intensity of Q > P > R, no doubling, no combination defects
Q, 1R branches with intensity of Q > R > P, no doubling, combination defects
Q, 2R branches with intensity of Q > R�P, no perturbations
Q, 1R branches with intensity of Q > R > P, no doubling no combination defects
Q, 2R branches with intensity of Q > R�P, perturbations
Q, 2R branches with intensity of Q > R�P, perturbations
Q, 1R branches with intensity of Q > R > P, no doubling no combination defects
Q, 1R branches with intensity of Q > R > P, no doubling no combination defects

http://www.sciencedirect.com
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Table 2
Spectroscopic constants (in cm�1) of the X1(X = 3) and other excited states having transitions to this state.

Constantsa X1(X = 3) [7.54] (X = 4)

v = 0 v = 1 v = 2 v = 0 v = 1 v = 2

Tv 0.0 459.39283(43) 916.7837(12) 7540.67404(20) 7965.73117(96) 8388.5857(13)
Bv 0.11861148(85) 0.11827003(85) 0.11792846(98) 0.11397263(84) 0.1137035(11) 0.1134555(12)
Dv � 108 3.1540(22) 3.1584(22) 3.1643(48) 3.2109(22) 3.060(12) 3.079(13)
Hv � 1013 – – – – 0.760(61) 2.118(62)

Constantsa,b [4.37] (X = 4) v = 0 [6.49] (X = 2) v = 0 [7.68] (X = 2) v = 0 [8.43] (X = 2) v = 0

Tv 4373.87524(53) 6490.59501(45) 7678.28874(57) 8427.74836(75)
Bv 0.11403560(85) 0.11391261(86) 0.11223623(98) 0.11359469(89)
Dv � 108 3.2232(23) 2.9671(29) �1.675(11) 2.9178(36)
Hv � 1012 – �0.00550(51) �1.2931(85) 0.03501(80)
qDv � 108 – 0.08565(91) �2.3333(51) �1.4681(21)
qHv � 1012 – �0.00175(47) 1.0859(71) 0.3767(22)

a Values in parentheses are one standard deviation error in the last digits quoted.
b Constants L0 = 1.811(22) � 10�17 and qL0 = �2.032(24) � 10�17 for the [7.68] (X = 2) and qL0 = �2.320(58) � 10�18 for the [8.43] (X = 2) were also determined.

Table 3A
Spectroscopic constants (in cm�1) of the X2(X P 2), X3(X P 2), X4(X P 3) and X5(0) lower states of CeS.

Constantsa X2(X P 2) v = 0 X3(X P 2) v = 0 X4(X P 3) v = 0 X5(0) v = 0

v = 0 v = 1 v = 0 v = 0 v = 0

Tv 0.0 458.87411(88) 0.0 0.0 0.0
Bv 0.1185948(26) 0.1182547(26) 0.1176391(83) 0.1168349(72) 0.1187740(36)
Dv � 108 3.2080(72) 3.2160(72) 3.131(62) 6.030(43) 3.079(12)

a Values in parentheses are one standard deviation error in the last digits quoted.

Table 3B
Spectroscopic constants (in cm�1) of the v = 0 vibrational levels of the [8.78] (X P 3), [8.67] (X P 3), [4.74] (X P 2), [6.03] (1) states of CeS.

Constantsa [8.78] (X P 3) v = 0 [8.67] (X P 3) v = 0 [4.74] (X P 2) v = 0 [6.03] (X = 1) v = 0

Tv 8780.62864(65) 8673.8453(13) 4741.1757(11) 6026.29833(82)
Bv 0.1119293(26) 0.1123219(84) 0.1129089(71) 0.1146220(37)
Dv � 108 3.2915(74) 2.207(68) �1.051(52) 2.330(13)
Hv � 1012 �0.00426(30) 0.173(26) �3.038(40) �0.1672(32)
Lv � 1017 – 2.038(77) 6.57(14) 0.1512(55)
qv � 104 – – – 3.3084(13)
qDv � 109 – – – �1.3710(70)

a Values in parentheses are one standard deviation error in the last digits quoted.

Table 4
Equilibrium constants (in cm�1) for the observed electronic states of CeS.

Constantsa X1(X = 3) X2(X P 2) [7.54] (X = 4)

Te 0.0 0.0 7557.7666(13)
xe 461.3947(14) [458.87411(88)]b 427.2597(20)
xexe 1.00095(65) – 1.10130(87)
Be 0.118782207(15) 0.1187649(31) 0.1141001(89)
ae � 103 3.41453(14) 3.401(37) 2.596(58)
re (Å) 2.33522875(15) 2.335399(31) 2.382660(93)

a Values in parentheses are one standard deviation error in the last digits quoted.
b DG½ value.
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must be an X = 3 state. A portion of the 0–0 band of this transition
is presented in Fig. 2, in which some rotational lines of the R and Q
branches have been marked. The P branch lines in this portion of
spectrum were not resolved and have not been marked in this
figure.

3.1.2. The [6.49] (2) ? X1(3), [7.68] (2) ? X1(3) and [8.43] (2) ? X1(3)
transitions

The three bands located near 6491, 7678 and 8428 cm�1

consisting of 2P, 2Q and 2R branches with Q > R � P in intensity.
This indicates that DX = +1 or �1 transitions may be involved in
these transitions. These transitions have the same lower state as
the 4374 and 7541 cm�1 transition described earlier. A rotational
analysis of the three transitions results in qD lambda doubling con-
stants for the upper states instead of significant values of q. The
fact that the quadratic qD X-doubling term in Eq. (2) is dominant
indicates that upper states of these transitions have X = 2.

The 0–1 and 1–0 bands of the 6490 cm�1 transition were very
weak in intensity. In spite of very weak intensity a search for the
0–1 band of this transition was made using the spectroscopic con-
stants for the X1(3) v = 1 level. Based on the prediction, the Q1 and
Q2 branches of the 0–1 band were easily identified in our spectra
using the Loomis–Wood program and included in the final fit.
The R head of this transition was also predicted and found near
6034.3 cm�1. The 1–0 band of this transition could not be identi-
fied. Our rotational analysis indicates that the doubling of the
branches was caused entirely by X-doubling in the excited state.
No rotational perturbations were observed and lines as high as
P1(110), P2(123), Q1(176), Q2(160), R1(149) and R2(150) were iden-
tified in the 0–0 band.

All of the six branches of the 7678 cm�1 transition are affected
by local perturbations. Our rotational analysis indicates that
rotational perturbations occur in the excited state at different J val-
ues in the e- and f-parity levels [J = 58 (e) and 78 (f), respectively].
Several rotational lines near the perturbation were given lower



Fig. 1. Schematic energy level diagram of the near infrared transitions of CeS.

Fig. 2. A portion of the 0–0 band of the [7.54] (4) ? X1(3) transition of CeS with
some R(J) and Q(J) lines marked. An asterisk marks an atomic line present near the R
head.
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weights or were de-weighted in the final fits. Rotational lines up to
P1(120), P2(124), Q1(154), Q2(151), R1(138) and R2(118) were
assigned. A search for the 0–1 and 1–0 bands of this transition
was unsuccessful.

For the 0–0 band near 8428 cm�1 we have assigned rotational
lines up to P1(148), P2(142), Q1(180), Q2(159), R1(151) and
R2(142). No other band associated with this transition has been
identified in our spectra.

3.2. Transitions with X2(X P 2), X3(X P 2), X4(X P 3) as lower states

The 8781, 8674 and 4741 cm�1 bands having the lower states
X2, X3 and X4, respectively, have single P, Q and R branches. The
8781 and 8674 cm�1 bands (with Q > R > P) involve DX = +1 tran-
sitions between higher X states. The 4741 cm�1 band has intensity
Q > P > R indicating that it involves a DX = �1 transition. The three
0–0 bands have been assigned as [8.78] (P3) ? X2(P2), [8.67]
(P3) ? X3(P2) and [4.74] (P2) ? X4(P3) transitions. Since the
case (c) states of CeS may have mixed character, relative intensity
of branches especially in high X transitions may not provide
correct information about their X assignment.

3.2.1. The [8.78] (P3) ? X2(P2) transition
Two bands with single P, Q, R branches, located at 8781 and

8322 cm�1, have been assigned at the 0–0 and 0–1 bands of the
[8.78] (P3) ? X2(P2). A rotational analysis of these two bands
has provided DG½ = 458.87 cm�1 for the X2(P2) lower state. This
value is very similar to the vibrational interval DG½ = 459.39 cm�1

of the X1(3) lower state. No other bands having the same lower
state have been identified in our spectra.

3.2.2. The [8.67] (P3) ? X3(P2) transition
Another DX = +1 band with single P, Q, R branches, located at

8674 cm�1, has different lower and upper states than the other
transitions. The lower state rotational constants of this transition
are B000 = 0.1176391(83), D000 = 3.131(62) � 10�8 cm�1. This transi-
tion has been labeled as the [8.67] (P3) ? X3(X P 2). A lower
wavenumber band located at 8634 cm�1 (with B = 0.1172976(76),
D = 3.131(34) � 10�8 cm�1) is probably the 1–1 band associated
with this transition. This assignment, however, could not be
confirmed independently because the 0–1 band was not observed.

3.2.3. The [4.74] (P2) ? X4(P3) transition
The 4741 cm�1 band having single P, Q and R branches (with

Q > P > R), has a different lower state. This observation is consistent
with the DX = �1 assignment and this transition has been labeled
as [4.74] (P2) ? X4(P3).

3.3. Transition with X5(0) as the lower state

The 6026 cm�1 transition consists of single P, Q and R branches
showing combination defects because of appreciable X-doubling
in the upper state. This transition has the character of a 1P�1R+
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transition and we have labeled it as the [6.03] (X = 1) ? X5(X = 0)
transition. No perturbations have been observed and we have
observed rotational lines up to P(151), Q(179) and R(155).

For the isovalent CeO, there are two low-lying X = 0 states, V1

0� and U1 0+, and the electronic states of CeS are expected to show
a similar pattern. As there is no way to distinguish between 0+ and
0� in the present analysis, the lower state has simply been labeled
as X5(0).
4. Results and discussion

Prior to the present work no experimental observations have
been reported on CeS. In a recent theoretical study, density
functional calculations have been performed on several lanthanide
monosulfide molecules by Luo et al. [24] and spectroscopic proper-
ties of the ground state of CeS have been calculated. This calcula-
tion provided a ground state vibrational frequency of 426 cm�1;
in addition, an estimate of the vibrational frequency of 457 cm�1

was reported based on the experimental value of CeO and some
primitive calculations [25]. Contrary to the present observations,
Luo et al. [24] predict a 3R ground state for CeS. The electronic
structure of CeS is expected to be very similar to that of CeO for
which most of the low-lying observed states were identified only
by their X values. The spectroscopic constants of the X1 lower state
determined from the present work are: xe = 461.3947(14),
xexe = 1.00095(65) and Be

00 = 0.118782207(15) cm�1 and the con-
stants of the X2 state are: DG1/2 = 458.87411(88) cm�1 and
Be
00 = 0.1187649(31) cm�1. The equilibrium rotational constants of

the two states provide equilibrium bond lengths of
re
00 = 2.3352875(15) Å and 2.335399(31) Å for the two lower states.

Our lower state bond lengths agree well with Luo’s [24] calculated
bond length of re

00 = 2.36 Å.
The electronic structure and spectroscopic properties of CeS are

expected to be very similar to that of CeO for which a wealth of
information is available from the previous experimental and
theoretical studies [9–16]. The ground Ce2+(4f 6s)O2� configuration
produces 16 electronic states, all of which have been characterized
experimentally, and are supported by theoretical calculations [15].
The lowest electronic states of CeO have a pattern of X = 2, 3, 1, 2,
0�, 1, 0+, 4, 3, and a similar pattern is expected for the lowest states
of CeS. The CeS lower states observed so far have been labeled as
X1(3), X2(P2), X3(P2), X4(P3) and X5(0). At this stage we do not
have any information on the relative position of the different lower
states. We are also unable to decide on the ground state of CeS
(although X2 or X3 are possible). It is possible that X1(3) and
X2(P2) correspond to the X2(3) and X1(2) states of CeO,
respectively.

A review of the observed low-lying electronic states of lantha-
nide oxides and sulfides can provide valuable information on the
electronic and configurational assignments of CeS. The low-lying
states of the lanthanide oxides result from the 4f N�16s configura-
tion of the lanthanide metal ion, with the exceptions of EuO [27]
and YbO [27,28]. The low-lying states of EuO and YbO arise from
the 4f7 Eu+ and 4f14 Yb+ configurations. Lanthanide oxides with
similar ground state configurations have very similar vibrational
frequencies because of the shielding properties of the f orbitals.
This, therefore, provides a guide to the electron configuration. For
the lanthanide oxides, all the ground state frequencies are
�820 cm�1, except for EuO and YbO which have ground state
frequencies of �660 cm�1. A similar situation is expected to hold
for the sulfides. Among sulfides, HoS [7] with a ground state
vibrational frequency of �463 cm�1 and YbS [6] with a ground
state vibrational frequency of �366 cm�1 have been observed
previously. These two have approximately the same ratio of vibra-
tional frequencies as found for the case of the f N�1s/f N lanthanide
oxides. From this observation we conclude that the �460 cm�1

vibrational frequency of two of the lower states of CeS arise from
the 4f 6s configuration of the Ce2+ ion. Since the first lines were
not observed in any of the transitions, we would like to emphasize
that the proposed electronic assignments are only tentative and
further investigations are required for a more definite X assign-
ment and energy ordering of the low-lying electronic states of CeS.

5. Conclusions

The emission spectra of CeS have been investigated in the
4000–9000 cm�1 region using a Fourier transform spectrometer.
Several bands have been rotationally analyzed and classified into
systems having five different lower states. Out of the observed
lower states the X1(3) and X2(P2) have very similar DG½ vibra-
tional intervals of 459.39283(51) and 458.87411(88) cm�1, respec-
tively. By comparison of lower state vibrational frequencies of CeS
with those of the known lanthanide oxides and sulfides, it has been
concluded that the lower states arise from the ground configura-
tion, Ce2+(4f6s)S2�. This work represents the first spectroscopic
observation of CeS in the gas phase.
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