
JOURNAL OF MOLECULAR SPECTROSCOPY 179, 282–298 (1996)
ARTICLE NO. 0207

Fourier Transform Emission Spectroscopy
of the g4D–a4D System of FeF

R. S. Ram,* P. F. Bernath,* ,1 and S. P. Davis†

*Department of Chemistry, University of Arizona, Tucson, Arizona 85721; and †Department of Physics,
University of California, Berkeley, California 94720

Received March 8, 1996; in revised form May 10, 1996

The emission spectrum of FeF has been observed in the near infrared region from 9000 to 12 000 cm01 . The bands
were excited in a high temperature carbon tube furnace and recorded with a Fourier transform spectrometer at a resolution
of 0.02 cm01 . The observed bands have been assigned as the 0–1, 0–0, 1–0, and 2–0 bands of the g 4Di –a 4Di transition
analogous to the F 4Di –X 4Di transition of FeH at 1 mm. Each vibrational band consists of four sub-bands assigned as
4D1/2– 4D1/2 , 4D3/2– 4D3/2 , 4D5/2– 4D5/2 , and 4D7/2– 4D7/2 . The rotational analysis of these bands has been performed
and molecular constants have been determined. This work represents the first observation of the g 4D–a 4D transition
of FeF. We discuss the correspondence between the low-lying electronic states of FeF, FeH, and Fe/ . q 1996 Academic

Press, Inc.

INTRODUCTION the ultraviolet and, with some theoretical help (8) , assigned
the ground state as a 6D state. They concluded that the X 6D

While the electronic spectra of many transition metal hy- ground state is inverted so that the 6D9/2 spin component
drides and oxides are relatively well characterized, only a lies lowest in energy. Only bands connecting to the 6D9/2 ,
few diatomic transition metal halides are known (1–17) . 6D7/2 , and 6D01/2 spin components could be analyzed in
The work on some of the transition metal halides has been their spectra. The ab initio calculations of Pouilly et al.
summarized by Rosen (1) and by Jones and Krishnamurthy (8) predicted the properties of several sextet and quartet
(2) . For the 3d transition metal monofluorides high resolu- electronic states and helped them assign the FeF bands ob-
tion analyses are available for ScF (3) , CrF (4) , MnF (5, served in the ultraviolet region as belonging to 6F–X 6D and
6) , FeF (7, 8) , CoF (9, 10) , NiF (11) , and CuF (12) . The 6P–X 6D transitions (7) . They also noticed (8) the strong
electronic spectra of most of the transition metal halides are similarity between the electronic structure of FeF and Fe/ .
very complex because of their high density of electronic Very recently the ground state of FeF has been confirmed
states. Many of these states have high spin multiplicities and as X 6Di by the detection of pure rotational transitions in all
generally the spin components are well separated because six spin components (15) . The only other published experi-
of substantial spin–orbit interactions. The large spin–orbit mental datum available for FeF is the dissociation energy
coupling also promotes perturbations between nearby states, of 448 { 21 kJ/mole (107 { 5 kcal/mole) measured by
increasing the spectral complexity. In some cases, when the high temperature mass spectrometry (16) .
spin–orbit splittings become very large, the spectra begin

Experimental (17) and theoretical (18) studies of the iso-
to have a deceptively simple appearance again. In this case,

valent molecule, FeCl, are also available. Delaval and
however, it is difficult to determine the Hund’s case (a)

Schamps (18) found that the electronic structure of FeCl isparentage of a transition without the analysis of many other
very similar to that of FeF. Very recently the X 6D7/2 andbands in the spectrum as well as some theoretical guidance.
X 6D5/2 spin components of the millimeter-wave spectrumThe electronic spectra of FeF have been observed pre-
of FeCl have been detected (19) .viously in emission as well as in absorption. The early emis-

The discovery by radio astronomers (20, 21) of AlCl,sion work on FeF was carried out using a hollow cathode
KCl, NaCl, and AlF molecules in the circumstellar envelopelamp (1) , flash photolysis (13) , and chemiluminescence
of the carbon star IRC / 10216 is responsible for some of(14) . Improved spectra were recorded by Pouilly et al. (7)
the recent spectroscopic interest in metal halides (15, 19) .using a King furnace and, particularly, a liquid-nitrogen-
Iron-containing compounds are particularly favorable for as-cooled composite-wall hollow cathode lamp. Pouilly et al.
tronomical detection in stellar atmospheres because of the(7) carried out a rotational analysis of some of the bands in
relatively high (0.003%) cosmic abundance of iron. The 56Fe
nucleus is the most stable nucleus in terms of binding energy1 Also, Department of Chemistry, University of Waterloo, Waterloo, On-

tario, Canada N2L 3G1. per nucleon and this enhances its cosmic abundance. FeH,

282
0022-2852/96 $18.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.

AID JMS 7067 / 6t0e$$$$$1 08-26-96 11:18:20 mspa AP: Mol Spec



THE g 4D–a 4D SYSTEM OF FeF 283

FIG. 1. A compressed portion of the low resolution spectrum of the g 4D–a 4D transition of FeF.

for example, has been identified in the spectra of sunspots EXPERIMENTAL
and cool stars (22, 23) .

High quality ab initio studies of most of the first row The near infrared bands of FeF were observed by the high
transition metal hydrides are available and generally good temperature reaction of Fe atoms with CF4 in a carbon tube
agreement has been observed between the available experi- furnace at about 23007C. The initial experiment was intended
mental data and the theoretical predictions. Unfortunately to measure the infrared vibration–rotation bands of FeH
very few calculations are available for transition metal fluo- formed by the reaction of Fe with H2. About 100 Torr of
rides but the electronic structure is very similar to that of He was used as the buffer gas in all of the experiments. In
the corresponding hydrides. For example, our recent work
on CoH (25) and CoF (26) demonstrates that these two
molecules have almost identical electronic energy level pat-
terns and that their red and infrared spectra are very similar.

Fortunately for our work on FeF, the FeH molecule has
been studied in great detail in recent years (27–33) . In the
early theoretical studies (e.g., (27)) , there was controversy
over the nature of the ground electronic state because some
calculations predicted a 6Di ground state. The more recent
calculations (28, 29) and experimental results (32, 33) prove
that FeH has a 4D ground state. The a 6Di state is very low-
lying, however, and is located about 0.26 eV (2060 cm01)
above the X 4Di state (32) .

Three FeH electronic transitions, F 4D–X 4D (28, 30) ,
g 6F–X 4D (32) , and g 6F–a 6D (33) , have been studied
recently at high resolution. The F 4D–X 4D transition of FeD
has also been investigated in detail (34) near 1 mm. By
analogy, a similar transition is expected for FeF in the same
spectral region. In the present paper we report on the rota-
tional analysis of the 0–1, 0–0, 1–0, and 2–0 bands of a FIG. 2. A schematic energy level diagram of the g 4D–a 4D transition
new g 4D–a 4D transition of FeF in the 9000–12 000 cm01

of FeF with arrows marking the observed sub-bands. The sub-band origins
for the 0–0 vibrational bands are listed.region analogous to the F 4D–X 4D transition of FeH.
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FIG. 3. A compressed portion of the 0–0 band of the g4D–a4D system of FeF. The R-head positions of the different sub-bands have been marked by arrows.

this FeH experiment we first decided to monitor the F 4D– troubled by presence of the CN impurity. In fact we have
used the line positions of CN (36) to calibrate our spectrum.X 4D transition near 1 mm to make sure that we were making
The molecular lines appear with a width of 0.07 cm01 andFeH and in order to maximize the FeH concentration. The

F 4D–X 4D bands had a signal-to-noise ratio of at least 30:1
but when we scanned in the 2000–4000 cm01 interval, we
did not observe the predicted (35) vibration–rotation bands
of FeH. In the end we decided to look for the FeF molecule
in the near infrared region. We added a small amount of
CF4 instead of H2 and, keeping the other experimental pa-
rameters the same, we observed strong FeF emission bands
in the 9000–12 000 cm01 region.

The emission from the furnace was focused on to the 8
mm entrance aperture of the 1-m Fourier transform spec-
trometer of the National Solar Observatory at Kitt Peak. The
spectra were recorded using silicon photodiode detectors and
RG 850 filters at a resolution of 0.02 cm01 . A total of four
scans were co-added in about 25 min of integration; the
spectra had a signal-to-noise ratio of about 15:1.

The spectral line positions were measured using a data
reduction program called PC-DECOMP developed by J.
Brault. The peak positions were determined by fitting a Voigt
line shape function to each line. Since the molecules were
excited in a carbon tube furnace, the observed spectra also
contained impurity bands of the A 2P– X 2S/ transition of
CN and some atomic lines. The FeF bands are not in the FIG. 4. An expanded portion of the 1–0 band of the g 4D5/2–a 4D5/2

sub-band near the R-head.same spectral region as the CN bands so that we were not
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TABLE 1
Observed Line Positions ( in cm01 ) for the g 4D1/2–a 4D1/2 Sub-band of FeF
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TABLE 1—Continued

Copyright q 1996 by Academic Press, Inc.

AID JMS 7067 / 6t0e$$7067 08-26-96 11:18:20 mspa AP: Mol Spec



THE g 4D–a 4D SYSTEM OF FeF 287

TABLE 1—Continued
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TABLE 2
Observed Line Positions ( in cm01 ) for the g 4D3/2–a 4D3/2 Sub-band of FeF
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TABLE 2—Continued

a maximum signal-to-noise ratio of about 15:1, so that the blending caused by the presence of different sub-bands in
the same region, the measurement error is often somewhatline positions are expected to be accurate to about {0.005

cm01 . However, since there is considerable overlapping and higher for blended and weak lines.
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TABLE 3
Observed Line Positions ( in cm01 ) for the g 4D5/2–a 4D5/2 Sub-band of FeF
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TABLE 3—Continued

OBSERVATIONS AND ANALYSIS lations are relatively crude and it is more useful to use the
very extensive calculations of FeH by Langhoff and Bausch-

According to Pouilly et al. (8) the ground state of FeF licher (28) as a guide (see discussion below).
correlates with the 3d 64s 2 (a 5D) atomic limit of Fe and The new bands of FeF are located in the 9000 to 12 000
arises from the electronic configuration 3d 6

Fe (sp 2d 3)4ssFe2 cm01 spectral region. The observed spectra consist of five
p6

F(s2p4), which can also be labeled as 8s23p49s4p21d310s. groups of bands with R-heads at 9764, 10 447, 11 017,
This configuration results in numerous electronic states of 11 580, and 12 140 cm01 . These bands have been assigned
which the 6D state is calculated to be the lowest in energy. as 0–1, 0–0, 1–0, 2–0, and 3–0, vibrational bands, respec-
Among the quartet states, the 4D state from the same config- tively. The next bands (1–2, 1–1, 2–1, 3–1, and 4–1) in
uration is lowest in energy and is predicted to lie at about theD£ Å 01, 0, 1, 2, and 3 sequences could not be identified

because of their weaker intensity and overlapping from the8000 cm01 above the ground state (8) . These ab initio calcu-
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TABLE 4
Observed Line Positions ( in cm01 ) for the g 4D7/2–a 4D7/2 Sub-band of FeF
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TABLE 4—Continued

stronger main bands. A compressed portion of the low reso- are separated by twice the difference between the spin–orbit
coupling constants of the upper and lower electronic stateslution spectrum is presented in Fig. 1. The 1–0 band is the

strongest band in our spectrum, and the 3–0 and 0–1 bands [2(A*–A9)]. At first glance, it is difficult to identify the
bandheads of individual sub-bands, but a careful inspectionare weak because their intensities are affected by the 850

nm red pass filter and the band gap of the Si-photodiodes, of each band using a color Loomis-Wood program helped us
to identify and assign the rotational structure. The V-assign-respectively. The 3–0 band was too weak to be analyzed.

All of the bands are degraded toward lower wavenumbers ments of the four sub-bands were initially based on the size
of the V-doubling and were later confirmed by rotationaland the bandheads form in the R-branches.
analysis. The V-doubling is present mainly in the lower a4DThe structure of each of these bands is very complex be-
state and is largest for the 4D1/2 spin component. The 4D3/2cause of overlapping from different sub-bands. A Hund’s case
spin component has a smaller V-doubling and the 4D5/2 and(a) 4D– 4D transition consists of four main sub-bands, 4D1/2

– 4D1/2 , 4D3/2– 4D3/2 , 4D5/2– 4D5/2 , and 4D7/2– 4D7/2 , which 4D7/2 spin components show no splittings. The V-assignment

Copyright q 1996 by Academic Press, Inc.

AID JMS 7067 / 6t0e$$$$$2 08-26-96 11:18:20 mspa AP: Mol Spec



THE g 4D–a 4D SYSTEM OF FeF 295

TABLE 5
Rotational Constants ( in cm01 ) for the a 4D state of FeF

is also confirmed by the Beff values in the different spin com- observed even for the highest J values. An interesting feature
of this sub-band is the observation of perturbations in theponents with B(4D7/2 ) õ B(4D5/2) õ B(4D3/2) õ B(4D1/2 )

as expected for an inverted 4D state. A schematic energy level lower a 4D state. The £ 9 Å 0 vibrational level is perturbed
near J Å 73.5 and the £ 9 Å 1 vibrational level is perturbeddiagram of this transition is presented in Fig. 2.

A compressed part of the 0–0 band of FeF is presented at J Å 61.5. These perturbations affect both e and f parity
components equally.in Fig. 3 and the positions of the R-heads of the different

sub-bands have been marked with arrows. The different sub- The 0–0 band with an R-head at 10 447 cm01 has been
assigned to the 5/2–5/2 sub-band. An expanded portion ofbands are not located in either increasing or decreasing order

of V. The sub-band order in each vibrational band is 4D5/2 the 1–0 band of this sub-band near the R-head is presented
in Fig. 4. The rotational structure consists of a single R and– 4D5/2 , 4D3/2– 4D3/2 , 4D7/2– 4D7/2 , and 4D1/2– 4D1/2 in order

of decreasing wavenumbers. Evidently the simple spin–orbit a single P branch, with almost identical intensity. Because
of the overlapping from the returning lines of the R-branchenergy level formula, ALS, fails for one or both of the 4D

states. Since pure D states rarely display V-doubling, the after the formation of the head, the low J branch lines were
not identified. The rotational analysis indicates that the £ 9lower 4D state is most probably interacting strongly with

nearby states. This interaction (‘‘Hund’s case (c) tenden- Å 0 vibrational level of this sub-band is perturbed near J Å
55.5. A similar perturbation has also been observed in thecies’’) induces both a large V-doubling and irregular inter-

vals between the spin components. £ 9 Å 1 vibrational level near J Å 36.5. These perturbations
affect both of the parity components by similar amounts.The structure of each of the four sub-bands consists of R

and P branches consistent with the DV Å 0 assignment. No The band with a 0–0 head located at 10 433 cm01 has
been assigned to the 3/2–3/2 sub-band. The high J linesQ-branches have been observed in any of the sub-bands and

no transitions which violate the Hund’s case (a) selection rule of this sub-band split into two components because of V-
doubling. The rotational analysis indicates that perturbationsDS Å 0 could be identified. This means that we are unable

to measure any intervals between the spin components. affect mainly the lower 4D state. One perturbation which
culminates at J Å 20.5 affects all low J lines with J õ 33.5The R-head at 10 423 cm01 has been identified as the

0–0 band of the 7/2–7/2 sub-band. No V-doubling was and these lines were excluded from the final fit.
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TABLE 6
Rotational Constants ( in cm01 ) for the g 4D state of FeF

The 1/2–1/2 sub-band is weakest in intensity and the band. This fit provided similar constants for common vibra-
tional levels from different bands, confirming their vibra-bandhead cannot be identified visually. In addition to its

weak intensity, consistent with an inverted 4D excited state, tional assignments. In the final fit, the lines of all of the
vibrational bands in each sub-band were combined and fittedthis band is overlapped by the lines of all of the other sub-

bands. Our Loomis–Wood program was essential in identi- simultaneously. The observed lines positions for the 4D1/2–
4D1/2 , 4D3/2– 4D3/2 , 4D5/2– 4D5/2 and 4D7/2– 4D7/2 are pro-fying the rotational lines. Perturbations have been observed

in the £ * Å 0 and £ * Å 2 vibrational levels of the excited vided in Tables 1, 2, 3, and 4, respectively, and the molecular
constants for the lower and excited 4D states are providedstate of this sub-band. The observed perturbations affect only

the f-parity levels at J Å 73.5 and 65.5 in the £ * Å 0 and 2 in Tables 5 and 6, respectively.
vibrational levels, respectively.

RESULTS AND DISCUSSIONThe rotational assignments in the different bands were
made by comparing combination differences for the common

The 0–0 FeF 4D– 4D transition has sub-band origins atvibrational levels. It is difficult to make a definite e- and f-
10 419 cm01 (7/2–7/2) , 10 443 cm01 (5/2–5/2) , 10 429parity assignment in the bands with resolved V-doubling.
cm01 (3/2–3/2) , and 10 382 cm01 (1/2–1/2) , while theThe e- and f-parity assignments have been made arbitrarily.
corresponding FeH sub-bands occur at 9929, 10 026, 10 039,The observed 4D electronic states probably belong to Hund’s
and 9984 cm01 . This close similarity between transitioncase (a) coupling but the sub-bands were not fitted together.
metal fluoride and hydride transitions has been noted byRather than fitting all of the lines together with assumed
previous workers and was discussed by us for the CoF andconstants we decided to use a simple Hund’s case (c) term
CoH case (26, 25) . In addition, there is a very high qualityenergy expression for each spin component:
set of ab initio calculations for FeH (28) while the published
FeF calculations are more primitive (8) . It is, therefore,Fv(J) Å Tv / BvJ(J / 1) 0 Dv[J(J / 1)]2

convenient to discuss the low-lying states of FeF in terms
/ Hv[J(J / 1)]3 { 1

2[pv(J / 1
2 ) [1] of the calculated FeH states (Fig. 5) .

As noted by Pouilly et al. (8) , the low-lying electronic
/ pDv(J / 1

2 ) 3 / pHv(J / 1
2 ) 5] states of FeF also correlate directly to the states of the Fe/

atom. This means that the energy levels of FeF, FeH, and
Fe/ share a remarkably similar pattern. The F0 and H0Initially a band-by-band fit was obtained for each sub-
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of both experimental observations and theoretical calcula-
tions. Thus for FeF, the ‘‘expected’’ ordering of the lowest
energy 4D and 6D states is found. In view of the similarities
between the FeF and FeH spectra as found in our work
and the different effects of electron correlation on states
originating from Fe/3d 7 and 3d 64s configurations, we ex-
pect that the sextet manifold will be lowered in energy rela-
tive to the quartet manifold in FeF as compared to FeH. We
expect (and hope!) that the energy ordering within the quar-
tet and sextet manifolds will be qualitatively the same in
FeH and FeF. The energy ordering of the low-lying states
of FeF will then be as shown in Fig. 6. Of course, some of
the details in Fig. 6 may be in error but a high quality
ab initio calculation as well as additional experiments are
necessary to confirm or refute Fig. 6. On the basis of Fig.
6, the observed FeF transition at 1 mm is thus g 4D–a 4D.

The main problem with using a Hund’s case (c) energy
level expression for each of the four spin components of a
4D state is the determination of ‘‘true’’ Hund’s case (a)
molecular constants from the effective constants of the fit.
A simple perturbation theory analysis of the 4 1 4 matrix
representation of the energy levels of a 4D state leads to the
following relationships:

Beff (7/2) Å B(1 / 3B /2A) [2(a)]

FIG. 5. The correlation between the calculated (28) electronic energy
levels of FeH and the atomic energy levels of Fe/ .

ligand fields thus give similar energy level patterns in FeF
and FeH, although the bonding in FeH is expected to be
much more covalent than that in FeF.

The lowest energy term of the Fe/ atom is a 6D , which
arises from the 3d 64s 1 configuration (37) . This 6D term
correlates to the a 6D, b 6P, and c 6S/ states in FeH (Fig.
5) . The first excited term in Fe/ is a 4F at 2417 cm01 , arising
from the 3d 7 configuration (37) . The FeH molecular states
correlating to a 4F are X 4D, A 4P, B 4S0 , and C 4F (Fig. 5) .
The X 4D ground state of FeH thus correlates with the first
excited a 4F term of Fe/ . The third Fe/ term, a 4D(3d 64s 1) ,
correlates with the D 4S/ , E 4P, and F 4D states of FeH.

The ab initio prediction of the energy ordering of the low-
lying electronic states of FeH is a very challenging problem.
Large basis sets and an extensive treatment of electron corre-
lation are necessary to get a 4D ground state rather than the
‘‘expected’’ 6D state which correlates to the Fe/a 6D ground
state term. In particular, the inclusion of electron correlation
lowers the energy of the 4D state (Fe/ , 4F, 3d 7) more than
the 6D(Fe/ , 6D , 3d 64s 1) state and switches the energy or-
dering of the two states. While the general picture of the
low-lying states of FeH is easily predicted from the Fe/

energy levels, the detailed ordering of the FeH states is FIG. 6. A qualitative energy level diagram for FeF based on the calcu-
clearly a sensitive function of many effects. lated energy levels of FeH. Note the correspondence between the atomic

Fe/ and the molecular FeF energy levels.The ground state of FeF is known to be X 6D on the basis
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