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The emission spectrum of CoF has been investigated in the 820 nm–3.5mm spectral region using
a Fourier transform spectrometer. The bands were excited in a carbon tube furnace by the reaction
of cobalt metal vapor and CF4 at a temperature of about 2300 °C. The bands observed in the
3000–9000 cm21 region have been classified into three new transitions. The bands with 0-0R-heads
at 3458 cm21, 3759 cm21, and 4012 cm21 have been assigned as the3D1–

3F2,
3D2–

3F3, and
3D3–

3F4 subbands of theC
3D–X 3F i electronic transition. To higher wave numbers, two bands

with R-heads at 8396 cm21 and 8565 cm21 have been assigned as the3D2–
3F3 and

3D3–
3F4

subbands of theD 3D–X 3F i transition. In addition, the bands withR-heads at 6339 cm21 and
6542 cm21 have been assigned as the 0-03F4–

3D3 and
3F3–

3D2 subbands of theG 3F–C 3D
transition. TheG 3F–X 3F transition has been reported previously as the@10.3#3F–X 3F
transition. The rotational analysis of many bands of these transitions has been obtained and the
molecular constants for the two new low-lying excited states have been extracted. Six new band
involving the high vibrational levels of ground state~up to v56! have been identified in the
3F4–

3F4 subband of theG 3F–X 3F transition. The rotational analysis of these bands provides
improved constants for the ground state. We have noticed, as have previous workers, the strong
correspondence that exists between the states of transition metal monofluorides and monohydrides.
In addition, all of the low-lying states of CoF and CoH are related to the low-lying terms of the Co1

atom. We discuss these correlations between the energy levels of CoF, CoH, and Co1. © 1996
American Institute of Physics.@S0021-9606~96!01318-3#

I. INTRODUCTION

In recent years progress has been made towards an un-
derstanding of the electronic structure of transition metal
oxides1 and hydrides.2,3 The data for the corresponding ha-
lides are much more limited.4,5 The main problem with stud-
ies of such molecules is the intrinsic complexity of the spec-
tra. The transition metal atoms involved in the bonding have
open d-shells which result in many low-lying electronic
states with high multiplicities. Many of the spin components
of different electronic states interact with each other and
cause perturbations.

Metal fluorides are also potential stellar and interstellar
molecules, although F has a relatively small cosmic abun-
dance. Recently, AlF has been detected in the atmosphere of
a carbon star6,7 and HF was found in numerous red giant
stars.8 In these sources19F has an abundance more than 30
times higher than the normal solar abundance suggesting that
19F nuclei are synthesized in the He-burning shells of old
stars. Metal fluorides also have strong bonds, which favors
their formation in stellar atmospheres.

Limited spectroscopic work is available on CoF. There
are no published theoretical calculations available on the
properties of CoF although some are in progress.9 On the
experimental side, Adamet al.10 have reported a3F–3F
transition in the visible region by dye laser excitation spec-

troscopy and Ramet al.11 have observed the@10.3#3F–X 3F
transition in the near infrared spectral region. The ground
state of CoF is found to be an invertedX 3F state with the
X 3F4 spin-component lying lowest in energy. The equilib-
rium rotational and vibrational constants were obtained for
the individual spin-components from the analysis of several
bands of the@10.3#3F–X 3F transition in the 9000–12000
cm21 region.11

These assignments are consistent with expectations
based on the available data for the isovalent CoH
molecule.12–18 The ground state of CoH is now well estab-
lished as a3Fi state and the electronic spectra of CoF are
expected to be similar to those of CoH. For CoH, Freindorf
et al.16 have recently performedab initio calculations which
confirm the3Fi assignment for the ground state of CoH and
predict many low-lying excited electronic states below 2.0
eV. In this paper we have investigated the near infrared spec-
tra of CoF in the 3000–9000 cm21 region. We have identi-
fied three new transitions which locate two new low-lying
excited electronic states,C 3D andD 3D and we rename the
@10.3#3F state as theG 3F state on the basis of the theoreti-
cal predictions for CoH. In addition to the analysis of new
infrared electronic transitions of CoF, we discuss the corre-
lation between the low-lying states of CoF, CoH, and Co1.

II. EXPERIMENT

The CoF molecules were excited in a carbon tube fur-
nace operated with 100 Torr of He buffer gas and several

a!Also: Department of Chemistry, University of Waterloo, Waterloo, On-
tario, Canada N2L 3G1.
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Torr of CF4 at 2300 °C. The emission from the furnace was
observed with the 1 m Fourier transform spectrometer asso-
ciated with the McMath–Pierce Solar Telescope of the Na-
tional Solar Observatory at Kitt Peak. The spectrometer was
operated with a CaF2 beamsplitter, silicon filters, InSb detec-
tors and three scans were coadded in 10 min of integration.
The lower wave number limit was set by cold green glass
~uranium! filters in front of the InSb detectors. The spec-
trometer resolution was 0.026 cm21.

The spectral line positions were extracted from the ob-
served spectra using a data reduction program called PC-
DECOMP developed by Brault. The peak positions were de-
termined by fitting a Voigt line shape function to each
spectral feature.

The CoF spectra have been calibrated using HF impurity
lines present in our spectra.19 The strong CoF lines below 1
mm have been observed with a maximum signal to noise
ratio of 14 and have a width of 0.035 cm21. This limits the
precision of our measurements of the strong and unblended
molecular transitions to60.001 cm21. For weaker bands the
uncertainty of measurement is expected to increase to
60.003 cm21 depending on signal to noise ratio, extent of
blending and line broadening.

III. OBSERVATIONS AND ANALYSIS

The observed spectra of CoF consist of many bands
spread from 3000 to 12000 cm21. The bands observed in the
8700–12000 cm21 have been assigned previously to a
3F i–X

3F i transition.
11 The present paper deals with the

analysis of three new transitions located in the 3000–8700
cm21 region ~Fig. 1!. The group of bands located in the
3000–4600 cm21, 6200–6600 cm21, and 8300–8600 cm21

have been assigned asC 3D–X 3F, G 3F–C 3D, and
D 3D–X 3F transitions, respectively. In addition seven rela-
tively weaker bands in the 8000–9000 cm21 region have
been assigned to theG 3F4–X

3F4 subband. This extends
the observation of this subband to include bands involving
ground state vibrational levels up tov56.

A. C 3D–X 3F transition

The bands in the 3000–4700 cm21 region have been
classified into three subbands with the 0-0R-heads at 3458
cm21, 3759 cm21, and 4012 cm21, assigned as3D1–

3F2,
3D2–

3F3,
3D3–

3F4 subbands of a3D–X 3F transition. The
branches in the different subbands were sorted using a color
Loomis–Wood program running on a PC computer.

Since the bands of the3D1–
3F2 subband are generally

weaker in intensity than the other subbands, we have identi-
fied only the 0-0 band of this subband. A compressed portion
of this subband is presented in Fig. 2. This band consists of
two P, twoQ, and twoR branches and the lower state com-
bination differences from this subband match very well with
the data obtained for theX 3F2 spin-component from the
G 3F–X 3F transition. The perturbation in theX 3F2 spin
component, as previously observed during the analysis of the
G 3F2–X

3F2 subband, has been confirmed from the analy-
sis of the new subband. In addition perturbations have been

identified in thee-parity levels atJ519 andf -parity levels at
J519 and 46 of theC 3D1 spin-component.

We have identified three bands of the3D2–
3F3 subband.

The bands withR heads at 3092, 3759, and 4366 cm21 have
been assigned as 0-1, 0-0, and 1-0 bands. The rotational
analysis of all of these bands has been performed. An ex-
panded portion of the 0-0 band of this subband is presented
in Fig. 3. Each band in this subband consists of twoR, two
P, and twoQ branches. The splitting of the branches in-

FIG. 1. A schematic energy level diagram of the low-lying electronic tran-
sitions of CoF and CoH.

FIG. 2. A part of the compressed spectrum of the3D1–
3F2 subband of the

C 3D–X 3F transition of CoF.
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creases rapidly at higherJ values. The rotational analysis
indicates that theV-doubling is mainly present in the excited
3D2 spin component. A local perturbation has been observed
in the excited statev51 vibrational level of this subband
which affects only thef -parity levels atJ8541. Previously
observed perturbation in thev51 vibrational level of the
X 3F3 spin-component

11 has also been confirmed from the
analysis of this subband.

To higher wave numbers, the band at 4012 cm21 has
been identified as the 0-0 band of the3D3–

3F4 subband of
theC 3D–X 3F transition. This band is the strongest band
in this spectral region and likewise consists of twoP, twoQ,
and twoR branches. The splitting in the branches also arises
mainly fromV-doubling in the excited state. The other bands
with R heads at 3956, 4565, and 4628 cm21 have been as-
signed as the 1-1, 2-1, and 1-0 bands of this transition. An
independent analysis of these bands provides ground state
molecular constants very similar to the constants obtained in
the previous analysis.11 For example, theDG9~1/2! value of
672.700 07~65! determined in the present work is in excel-
lent agreement with the value of 672.702 36~81! cm21 ob-
tained in the previous work. Several perturbations have also
been observed in the vibrational levels of the excited state. A
part of the spectrum of the 0-0 band of this subband near the
band origin is provided in Fig. 4.

B. The D 3D–X 3F system

Two bands observed in the 8100–8600 cm21 region
have been assigned to a second new3D–X 3F transition. The
bands with the heads at 8396 and 8565 cm21 have been
identified as the 0-0 bands of the3D2–

3F3 and
3D3–

3F4 sub-
bands of theD 3D–X 3F transition. A portion of the com-
pressed spectrum of these bands is provided in Fig. 5 where
the R-heads of 0-0 bands of these subbands have been
marked. The3D1–X

3F2 subband was not identified because
of its weak intensity. Overlapping from several weaker bands
present in the same spectral region also hinders the assign-
ment of this subband. Each of these subbands consist of two

P, two Q, and twoR branches as expected for these transi-
tions. Even though the first lines of the branches in these
bands were not identified, the assignments could be made
using lower state combination differences. The lower state
constants from these subbands are very similar to the con-
stants of theX 3F3 andX

3F4 spin components, confirming
the lower state assignment. The analysis indicates that the
splitting in the branches results from theV-doubling in the
excited state3D2 and

3D3 spin components. A local perturba-
tion has been observed in the excited statev50 vibrational
level of theD 3D3 spin component. This perturbation affects
only the f -parity levels atJ8526. The highJ lines~J.80! of
this spin component are also affected by global interactions
in the excited state.

C. The G 3F–C 3D system

In the 6100–6600 cm21 region, two bands withR-heads
at 6339 and 6542 cm21 have been identified as the 0-0 bands
of 3F4–

3D3 and
3F3–

3D2 subbands of theG
3F–C 3D tran-

FIG. 3. An expanded portion of the3D2–
3F3 subband of theC 3D–X 3F

transition of CoF.

FIG. 4. An expanded portion of the3D3–
3F4 subband of theC 3D–X 3F

transition of CoF near the band origin.

FIG. 5. A part of the compressed spectrum of theD 3D–X 3F transition of
CoF. The 0-0 bandheads of the two strong subbands have been marked.
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sition. The3F2–
3D1 subband could not be identified because

of its weaker intensity and overlapping from the other bands
present in the expected spectral region.

The G 3F4–C
3D3 subband has a band origin of

6 331.176 35~98! cm21 which is the difference of the band
origins of theG 3F4–X

3F4 andC
3D3–X

3F4 subbands
@6 331.173 06~81! cm21#. This subband is the stronger of the
two subbands. This band also consists ofP, Q, and R
branches each doubled because of largerV-doubling in the
C 3D3 spin component. The next higher wave number band
at 6542 cm21 has been identified asG 3F3–C

3D2 subband.
Again the origin of this subband is approximately equal to
the difference of the band origins of theG 3F3–X

3F3 and
C 3D–X 3F4 subbands. The rotational constants are also in
excellent agreement with the constants of theG 3F3 and the
C 3D2 spin components.

D. Additional bands in the G 3F4–X
3F4 subband

In a previous paper we have reported an analysis of the
G 3F–X 3F transition located near 1mm. The bands due to
three subbands,3F4–

3F4,
3F3–

3F3, and
3F2–

2F2, have
been observed. We analyzed the rotational structure of sev-
eral bands of these subbands and obtained the principal mo-

lecular constants for the individual spin components. From
this analysis we concluded that the ground state of this mol-
ecule is a3Fi state. For theG

3F4–X
3F4 subband we ob-

tained a high resolution rotational analysis of 12 bands in-
volving the ground state vibrational levelsv50, 1, and 2 and
the excited state vibrational levelsv50–5.

During the course of the analysis of theD 3D–X 3F
transition we identified several very weak bands which were
later identified as belonging to theG 3F4–X

3F4 subband
on the basis of a rotational analysis. These bands involve
higher vibrational levels of the ground stateX 3F4 spin com-
ponent.

Six new bands with origins at 8111, 8183, 8259, 8336,
8828, and 8911 cm21 have been identified as 3-6, 2-5, 1-4,
0-3, 2-4, and 1-3 bands, respectively. Each of these bands
have a singleR and a singleP branch and noV-doubling is
resolved. The excited state combination differences from
these bands match very well with the values obtained from
the previous analysis. The molecular constants for different
vibrational levels were obtained from the combined fit of the
present data and the previous data for theG 3F4–X

3F4

reported earlier.11 The line positions of all of the new bands
are available from PAPS20 or by request from the authors.

TABLE I. Spectroscopic constants~in cm21! of theX 3F state of CoF.a

v Tv Bv 1073Dv 10113Hv 10163Lv 1083qDv 10123qHv 10163qLv

X 3F4

0 0.0 0.388 115 9~13! 5.121 98~88! 20.020 14~16! ••• ••• ••• •••
1 672.700 07~65! 0.385 030 9~16! 5.162 8~31! 0.021 2~38! 20.294~16! ••• ••• •••
2 1 339.923 0~13! 0.381 454 7~21! 4.338 6~67! 20.752~10! 2.445~52! ••• ••• •••
3 2 000.004 9~17! 0.377 997 3~27! 3.880~10! 21.104~17! 3.525~90! ••• ••• •••
4 2 652.433 4~15! 0.374 768 1~21! 4.052 3~45! 20.574 6~36! ••• ••• ••• •••
5 3 297.214 1~18! 0.371 552 0~25! 3.924 7~72! 20.663 0~66! ••• ••• ••• •••
6 3 934.270 0~17! 0.368 441 4~24! 3.948 1~65! 20.646 3~58! ••• ••• ••• •••

X 3F3

0 a 0.388 229 4~28! 5.271 3~67! 0.112~10! 20.838~53! ••• 0.632 8~47! •••
1 a1668.795 94~87! 0.385 023 3~33! 5.522~11! 0.473~17! 23.504~87! ••• 0.312~16! •••

X 3F2

0 b 0.388 579 1~92! 5.216~22! 20.042~15! ••• 1.674~31! 23.498~85! 1.955~57!
1 b1702.594 0~31! 0.379 339~13! 22.608~68! 25.35~14! ••• 22.69~50! 31.9~44! 256.0~96!

aThe numbers in parentheses are one standard deviation in the last digit and lettersa andb represent undetermined positions of thev50 vibrational levels of
theX 3F3 andX

3F2 spin-components, respectively.

TABLE II. Spectroscopic constants~in cm21! of theC 3D state of CoF.a

v Tv Bv 1073Dv 10113Hv 10153Lv 1053qv 1083qDv 10123qHv 10163qLv

C 3D3

0 4 005.021 79~67! 0.368 314 1~20! 4.487 8~88! 21.189~15! 0.471 7~78! 5.10~18! 26.50~14! 13.82~27! 26.92~15!
1 4 621.427 7~10! 0.365 606 5~47! 4.614~59! 21.39~28! 11.93~43! ••• 1.97~22! 228.1~18! 24.8~37!
2 5 230.439 7~16! 0.363 927 8~67! 9.695~87! 13.41~44! 218.38~74! ••• 0.87~37! 26.9~35! 20.882~84!

C 3D2

0 a13 751.556 98~77! 0.369 515 6~34! 5.319~16! 20.238~40! 0.830~36! ••• 2.655~57! 25.11~29! 16.26~36!
1 a14 359.355 43~87! 0.366 645 4~30! 5.418 2~69! 0.034 1~56! ••• ••• 0.147~22! 0.296~39! •••

C 3D1

0 b13 450.029 4~30! 0.369 804 1~99! 5.467~25! 20.111~21! 0.052 9~61! ••• 23.903~36! 5.727~97! 22.805~64!

aNumbers in parentheses are one standard deviation in the last digit.
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In the absence of the satellite branches or transitions
with DSÞ0, we were unable to determine a single set of
molecular constants by fitting the observed wave numbers to
a Hund’s case~a! Hamiltonian. Therefore we decided to ob-
tain an independent fit of each subband by fitting the ob-
served line positions to the following Hund’s case~c! expres-
sion:

Fv~J!5Tv1BvJ~J11!2Dv@J~J11!#21Hv@J~J11!#3

1Lv@J~J11!#461/2$qJ~J11!

1qD@J~J11!#21qH@J~J11!#3

1qL@J~J11!#4%. ~1!

In the final fit the lines of the different subbands were
weighted depending on the signal to noise ratio and the ex-
tent of blending and perturbations. All connected subbands
and vibrational levels were fitted together. The perturbed
transitions were not directly included in the fit but the corre-
sponding combination differences for the unperturbed levels
were included. The molecular constants for theX 3F, C 3D,
D 3D, andG 3F states are provided in Tables I, II, III, and
IV.

The e/ f parity assignment has been made arbitrarily.
There are both local and global perturbations in the rotational
energy levels and theV-doubling constants are effective val-
ues that empirically account for some of the energy level

splittings. In particular, theV-doubling constants inC 3D3
andD 3D3 spin components reflect strong interactions with
other states.

IV. DISCUSSION

So far two3F–X 3F electronic transitions of CoF have
been observed, one near 600 nm by Adamet al.10 and the
other near 1mm by the authors.11 In addition to the
G 3F i–X

3F i transition we have observed numerous bands
from 3000 to 9000 cm21 as discussed in this paper. There are
no theoretical calculations available but the isovalent CoH
molecule provides a guide for the assignment of these new
transitions.

A 3F i–X
3F i transition of CoH has recently been ob-

served by Barneset al.17 as well as by the authors near 1.2
mm.18 Unfortunately, no electronic transitions of CoH have
been reported below 1mm, though some complex spectra
have been observed recently and are being analyzed.21 Re-
cently Freindorfet al.16 have published a very helpfulab
initio calculation of the spectroscopic properties of low-lying
excited electronic states of CoH. This calculation predicts
many low-lying singlet, triplet, and quintet states giving rise
to numerous red and infrared transitions. Two groups of trip-
let states each composed of3F, 3D, 3P, and3S2 states have
been predicted below 1.7 eV. The first group correlates with
the ground state dissociation limit Co@4F(d7s2)#1H@2S#

TABLE III. Spectroscopic constants~in cm21! of theD 3D state of CoF.a

v Tv Bv 1073Dv 10123Hv 1043qv 1083qDv 10123qHv 10163qLv

D 3D3

0 8 559.099 9~14! 0.366 546 9~17! 4.847 5~24! 20.081~14! 24.404~23! 22.511~94! 1.06~12! 20.313~54!

D 3D2

0 a18 389.368 81~77! 0.365 926 3~25! 4.902 8~32! ••• ••• 21.448~17! 0.513~32! •••

aNumbers in parentheses are one standard deviation in the last digit.

TABLE IV. Spectroscopic constants~in cm21! of theG 3F state of CoF.a

v Tv Bv 1073Dv 10123Hv 10153Lv 1083qDv 10123qHv 10163qLv

G 3F4

0 10 336.194 85~45! 0.351 670 4~13! 5.177 39~86! ••• ••• ••• ••• •••
1 10 911.125 91~60! 0.349 002 7~14! 5.142 90~87! ••• ••• ••• ••• •••
2 11 480.671 82~53! 0.346 359 6~13! 5.109 02~85! ••• ••• ••• ••• •••
3 12 044.879 08~60! 0.343 739 1~14! 5.074 32~87! ••• ••• ••• ••• •••
4 12 603.788 00~97! 0.341 145 6~16! 5.048 5~21! 0.045~11! ••• ••• ••• •••
5 13 157.445 7~16! 0.338 576 0~21! 5.030 3~42! 0.157~28! ••• ••• ••• •••

G 3F3

0 a110 285.418 01~68! 0.352 665 5~30! 5.263 1~83! 1.17~13! 20.067 7~65! 0.533~24! 21.756~69! 1.188~42!
1 a110 862.959 9~11! 0.350 127 3~56! 4.532~56! 223.3~23! 11.78~30! 21.35~22! 15.0~16! 235.9~27!
2 a111 435.282 6~18! 0.347 902 8~83! 5.23~10! 211.3~47! 231.41~71! ••• ••• •••

G 3F2

0 b110 157.285 6~15! 0.353 148~11! 5.211~76! ••• ••• ••• 28.67~44! 24.2~13!
1 b110 734.595 3~22! 0.350 178~15! 4.70~20! 2221~11! 31.1~19! ••• 216.7~21! 54.2~80!

aNumbers in parentheses are one standard deviation in the last digit.
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while the second group dissociates to the first excited atomic
limit Co@4F(d8s1)#1H@2S# at about 4000 cm21 higher in
energy.22 The ground state of CoH is of3F symmetry and is
derived from the electronic configuration 6s27s2dp3dd3.
According to this calculation the excited states in order of
increasing energy are of3S2, 3P, and 3D symmetry. The
1 3D state is predicted to lie 3700 cm21 above theX 3F state
for CoH. The observed position of theC 3D–X 3F transi-
tion of CoF is in excellent agreement with this prediction.
Allowed transitions from the 23D and 23F states of the
second group of triplet states to the groundX 3F state are
expected to be present at 10 600 and 13 100 cm21, respec-
tively. The 8400 cm21 and 10 300 cm21 transitions of CoF
are most probably the isovalent transitions.

So far we have not been able to identify electronic tran-
sitions withDSÞ0 so that the relative position of the indi-
vidual spin components is unknown, although work is in
progress at University of New Brunswick23 to measure these
intervals. There are a few bands left unassigned because of
their very weak intensity and heavy overlapping from stron-
ger bands. Some of these bands may also be due to transi-
tions involving quintet electronic states as predicted by Fre-
indorf et al.16

The ground state constants do not vary in a regular man-
ner. If the rotational constants and vibrational intervals of the
X 3F4 spin component are fitted using the customary expres-
sions the valuesBe50.389 824~95! cm21, ae50.003 317~29!
cm21, ve5677.59~37! cm21, vexe52.16~20! cm21, and
veye520.161~28! cm21 are obtained. Although these con-
stants are not well determined, no attempt was made to add
additional constants because of the irregular vibrational de-
pendence. This irregular behavior is probably caused by glo-
bal interactions of these levels with nearby states. The ob-
served local perturbations in various spin components could
not be characterized in this work because of a lack of data.
These perturbations provide a signature of several unob-
served excited states consistent with the predictions of Fre-
indorf et al.16

As noted by us and other workers,24 there is remarkable
correspondence between the electronic states of transition
metal monohydrides and monohalides~particularly monof-
luorides!. In the specific case of CoH and CoF, the known
low-lying states are shown in Fig. 1. The CoH states in Fig.
1 are from the papers on theA8 3F–X 3F transition17,18and
our unpublished work.21 While it is not certain that theV53
CoH spin-components at 2469 cm21 and 8830 cm21 origi-
nate from3D states, theab initio calculations and the corre-
spondence with CoF~Fig. 1! strongly suggest it.

The CoH calculations of Freindorfet al.16 seem to be
very reliable and the correspondence with CoF is excellent.
This suggests that the ordering of all of the low-lying states
of CoF can be obtained from the CoH calculation.16 The
low-lying states of CoH are indicated in Fig. 6, along with
the customary spectroscopic letter labels. Of course, some of
the details in Fig. 6 may be wrong for both CoH and CoF but
the overall picture is probably correct.

The strong correspondence~Fig. 1! between M–F and
M–H states is surprising at first sight because the M1F2

bond is expected to be much more ionic than the M–H bond.
In both cases, however, the single bond forms by loss or
pairing of ans electron from the metal to leave a metaldns1

or dn11 configuration. Qualitatively the diatomic electronic
states then arise from the effects of the F2 or H2 ligand on
the M1 dns1 anddn11 configurations. This simple picture is
the most successful scheme for rationalizing the low-lying
states of the MF and MH molecules. Barneset al.,17 for ex-
ample, have used this model for CoH. The customary quali-
tative molecular orbital model is not very successful for tran-
sition metal-containing diatomics because there are large
number of low-lying diatomic configurations that are very
similar in energy.

The Co1 atom has a ground statea 3F term from the
3d8 configuration22 which gives rise to theX 3F, A 3S2,
B 3P, andC 3D states in CoH~Fig. 6! in the 0–3700 cm21

range.16 The first excited Co1 term,a 5F, results in thea 5F,
b 5S2, C 5P, andd 5D states between 4600 and 6500 cm21.
Finally, theb 3F term from the 4d74s1 configuration gives
the D 3D, E 3S2, F 3P, andG 3F CoH states from 10 600
cm21 to 13 100 cm21. The atomic terms in Fig. 6 are the
weighted~2J11! average of the atomic energy levels.22 No-
tice that both theX, A, B, andC states and thea, b, c, and
d states follow the orderF, S2, P, andD and that theD to
G states have the opposite energy order. This ordering of the
states which arise from a particular Co1 atomic term is dif-
ficult to predict without a high qualityab initio calculation.
However, given a particular order, such asF, S2, P, andD,
the pattern repeats itself. Other transition metal hydrides and

FIG. 6. Correspondence between the electronic states of CoH and atomic
energy levels of Co1. The CoH energy levels are from theab initio calcu-
lations of Freindorfet al. ~Ref. 16!.
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fluorides such as FeH~Ref. 25! and FeF~Ref. 21! seem to
have low-lying states which follow analogous patterns.

V. CONCLUSION

The near infrared spectrum of CoF has been observed
using the 1 m Fourier transform spectrometer of the National
Solar Observatory. The molecules were made in a carbon
tube furnace at a temperature of about 2300 °C from the
reaction of Co metal vapor and CF4. The bands observed in
the 3000–9000 cm21 spectral regions have been classified
into three new electronic transitionsC 3D–X 3F,
D 3D–X 3F, andG 3F–C 3D. In addition, six new bands
involving ground state vibrational levels up tov56 have
been identified for theG 3F4–X

3F4 subband. The ground
state vibrational intervals and rotational constants do not
vary with v in a normal fashion indicating the presence of
global interactions with nearby states. The strong correlation
between the low-lying states of CoF, CoH, and Co1 is noted.
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