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The rotational and fine-structure spectrum of FeH,
studied by far-infrared laser magnetic resonance
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Transitions between the spin-rotational levels of the FeH radical in the �=0 level of the X 4� ground
state have been detected by the technique of laser magnetic resonance at far-infrared wavelengths.
Both pure rotational and fine-structure transitions have been observed; lambda-type doubling is
resolved on all the observed transitions. The energy levels of FeH are strongly affected by the
breakdown of the Born-Oppenheimer approximation and cannot be modeled accurately by an
effective Hamiltonian. The data are therefore fitted to an empirical formula to yield term values and
g factors for the various spin-rotational levels involved. Many of the resonances show a doubling
that arises from the proton hyperfine structure. These splittings are analyzed in a similar manner.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2198843�
I. INTRODUCTION

The FeH radical has been the object of curious enquiry
for many years. There are two main reasons for this. First, it
has the most complicated electronic structure of all the first-
row transition metal monohydrides. Consequently, it presents
a tough problem for both experimental and theoretical inves-
tigations; the two approaches help each other. From the ex-
perimental point of view, there is a need for detailed mea-
surement and interpretation of spectroscopic observations to
provide insight and benchmarks for ab initio calculations.
Secondly, FeH is a molecule of considerable astronomical
importance. The relatively high cosmic abundances of both
1H �92.5%� and 56Fe �0.003%�1 suggest that the molecular
species FeH is likely to be present in the atmospheres of stars
and in the interstellar medium �ISM�. FeH has indeed been
detected in the atmospheres of the sun and other “cool” stars
of spectral types M, S, and K.2,3 In the last ten years, FeH
has emerged as an important probe of the physical conditions
of a new class of even cooler stars called brown dwarfs.4,5

For this purpose, there is a pressing need for laboratory mea-
surements of spectroscopic and magnetic properties of the
molecule. At present, none of the several unassigned spectral
lines due to molecules in the ISM has been assigned to tran-
sitions in FeH but it is hoped that, by providing accurate
zero-field transition frequencies, the present study will help
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with these assignments in the far-infrared region.
FeH was probably first observed in the laboratory in the

mid-1950s6 when a band in the near infrared �NIR�, at
989.6 nm, was attributed to FeH. In 1972, Carroll and
McCormack2 recorded two other band systems in the blue
and the green regions of the visible spectrum that were also
assigned to FeH. The lines that they reported accounted for
some of the unassigned lines in the solar spectrum. In 1973,
Klynning and Lindgren7 recorded the NIR band at 989.6 nm
at higher resolution. In 1976, Carroll et al.3,8 published elec-
tronic spectra of FeH and FeD, which showed five band sys-
tems between 230 and 890 nm. The two most prominent of
these systems were referred to as the green �530 nm� and
blue �490 nm� systems. In all these studies, FeH was formed
in a King furnace by passing H2 over iron heated to about
2900 K.

In 1979, a study of FeH and FeD isolated in an argon
matrix at a temperature of 4 K was published.9 This work
suggested vibrational wave numbers that differed from those
determined by subsequent optical and infrared works; it has
recently been shown that the species studied in these experi-
ments were actually FeH2 and FeD2.10 In 1983, a partial
analysis of two of the NIR bands of FeD was reported.11 In
the same year, Stevens et al.12 recorded the laser photoelec-
tron spectra of FeH− and FeD−. A careful analysis of these
results strongly suggested that the electronic ground state of
FeH is 4� with a probable 6� state only 1945 cm−1 above it;
these proposals have been confirmed subsequently. In 1987,
Phillips et al.,13 in a heroic piece of work, produced a de-
tailed rotational analysis of the NIR bands of FeH.

In 1988, Beaton et al.14 devised a method to form a
sample of FeH radicals at near-ambient temperatures, using

the gas-phase reaction between H atoms and Fe�CO�5 vapor.
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In their paper, they reported the first observation of the far-
infrared laser magnetic resonance �FIR LMR� spectrum of
the FeH radical amongst others. The same production
method was used by Towle et al.15 to record the mid-infrared
LMR spectrum of FeH in its ground 4� state and by Fletcher
et al.16 to record part of the green system in the electronic
spectrum by laser excitation spectroscopy. The electronic
spectrum, in particular, was considerably simplified com-
pared with the high-temperature recordings made earlier; de-
spite this, the rotational structure still defied analysis. The
breakthrough in the analysis of the visible spectrum of FeH
came with the observation and identification of the g 6�
−X 4� intercombination transition on the short-wavelength
side of the blue system at 448 nm.17,18 This led to the real-
ization that the blue system of FeH was primarily attributable
to the g 6�−a 6� transition.19 Indeed, it has emerged that
most of the transitions in the blue and green systems of FeH
start from the low-lying sextet states and not from the ground
4� state. By transferring knowledge of one state of FeH to
another, the main transition in the green system was identi-
fied in 1996 as the e 6�−a 6� transition.20 Since then, many
other features of the visible spectrum of FeH have been ana-
lyzed, including the identification of the b 6�,21 the c 6�−,22

and the C 4� states.23 Further details of the spectrum have
also been teased out23–25 leading to the complete character-
ization of the a 6� state, that is, of all six spin components.26

A further piece of the jigsaw puzzle that is the electronic
spectrum of FeH has recently been filled in by Balfour et al.
who have performed rotational analyses of the E 4�−X 4�
and E 4�−A 4� transitions in the NIR;27 this places the
A 4� state just 970 cm−1 above the X 4� state.28 As a result
of all these works, FeH is now arguably the best character-
ized of all the first-row transition element hydrides.

These many experimental studies of FeH have been but-
tressed by a number of ab initio theoretical calculations. In
the early days, the challenge was to determine the true iden-
tity of the ground electronic state of FeH. This was eventu-
ally achieved by Bauschlicher and Langhoff29 in 1988 using
a large Gaussian basis set and an extensive treatment of cor-
relation and inner-shell correlation effects. The difficulty in
the calculation arises largely because the configurations aris-
ing from the ground 5D and low-lying excited 5F states of
atomic iron are very similar in energy and differ by a single
spin-orbital.30 Langhoff and Bauschlicher extended their
CASSCF/MCRI calculation two years later to include all
electronic states of quartet and sextet multiplicity below
25 000 cm−1.31 This second calculation has proved to be very
reliable; indeed Langhoff and Bauschlicher were the first to
suggest that the green and blue systems of FeH might draw
their intensities primarily from the e 6�−a 6� and g 6�
−a 6� transitions, respectively. The only limitation in the
application of their calculations to the interpretation of spec-
troscopic data is that the effects of nonadiabatic mixing were
not included. The state labels used in the present paper are
taken from Langhoff and Bauschlicher’s paper. The descrip-
tion of the electronic structure of FeH has been recognized as
one of the most challenging of all diatomic molecules. Sub-
sequent calculations have been used largely to test alternative

32,33
theoretical approaches.
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The present paper is concerned with the observation and
analysis of the pure rotational and fine-structure spectrum of
FeH in the �=0 level of its X 4� state. These transitions fall
in the far-infrared �FIR� region of the spectrum and have
been recorded by LMR techniques. As such, it is the comple-
tion of the work started a long time ago by the first observa-
tion of the FIR LMR spectrum of FeH.14 The end result is the
precise measurement of term values for several rotational
levels in all four spin components of the X 4� state. In addi-
tion, it has been possible to measure the magnetic properties
and proton hyperfine splittings of the FeH molecule in these
various rotational levels. It is demonstrated that FeH shows a
drastic breakdown of the Born-Oppenheimer approximation
in its ground 4� state.

II. EXPERIMENTAL DETAILS

The far-infrared LMR experiments were performed at
the Boulder laboratories of NIST; the spectrometer has been
described in detail elsewhere.34 The FeH radicals were pro-
duced in the spectrometer sample volume by the reaction of
hydrogen atoms with Fe�CO�5 vapor in a flow system, the
hydrogen atoms being generated by passing a mixture of
7.5% H2 in helium through a microwave discharge. The total
pressure in the sample volume ranged from 1.5 to 2.0 Torr
�200–267 Pa�; the partial pressure of Fe�CO�5 was 0.15 Torr
�20 Pa�. Under these conditions, a black deposit of finely
divided iron powder was put down in the reaction zone. The
magnetic field was modulated at a frequency of 14 kHz and
the signal was detected with a lock-in amplifier at the same
frequency. The resonances were consequently displayed as
the first derivative of an absorption profile. The magnet of
the LMR system was controlled by a rotating-coil magneto-
meter which provided a direct readout of the flux densities.
The system was calibrated periodically up to 1.8 T with a
proton NMR gaussmeter; the absolute uncertainty was
10−5 T below 0.1 T and the fractional uncertainty was 10−4

above 0.1 T.

III. RESULTS AND ANALYSIS

A. Experimental observations

The first observation of the far-infrared LMR spectrum
of FeH in the �=0 level was made using the 170.6 �m line
of CH3OH in March 1988.14 The resultant spectrum is
shown in Fig. 1. The spectrum was easily assigned to the
rotational transition J=5 1

2 –4 1
2 in the lowest, Ω=7/2 spin

component by use of the term values determined by Phillips
et al.13 from the electronic spectrum. The Zeeman patterns,
consisting of the relative magnetic fields, relative intensities,
and linewidths in milliteslas, in both � ��MJ=0� and
	 ��MJ= ±1� polarizations are consistent with a linear Zee-
man effect,

h
L = h
0 + �gJ�MJ� − gJ�MJ���BBZ. �1�

In this equation, 
L is the laser frequency, 
0 is the zero-field
transition frequency, gJ is the molecular g factor, and MJ is
the quantum number for the component of the rotational an-

gular momentum J along the direction of the magnetic flux
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BZ; the single and double primes are used to distinguish the
upper and lower levels involved in the transition, respec-
tively. The large and obvious doublet structure on each reso-
nance in Fig. 1 is attributable to lambda-type doubling. Fur-
ther measurements of the LMR spectrum of FeH were made
over the following few years. These resulted in the detection
of many more rotational transitions, in all four spin compo-
nents of the ground vibrational level. For reasons that will be
explained later, it was desirable to record each transition with
two or more laser lines. More recently, many new short-
wavelength FIR laser lines have been discovered and fre-
quency measured.35–37 This provided the possibility of de-
tecting several fine-structure transitions between adjacent
spin components. An example, using the 43.7 �m line of
CD3OH is shown in Fig. 2; the transition involved is J
=5 1

2 –5 1
2 , Ω=5/2–7/2, +←−. The identification of the fine-
Downloaded 13 Feb 2008 to 163.1.203.222. Redistribution subject to 
structure transitions was again straightforward with the help
of the term values determined by Phillips et al.13 that have
proved to be very reliable. A summary of the various rota-
tional and fine-structure transitions detected is given in Table
I. They are also shown on the energy level diagram in Fig. 3.
It can be seen that it has been possible to detect transitions in
levels some 700 cm−1 above the lowest rotational level. The
measurements of the individual resonances, together with
their assignments, are available from the Electronic Physics
Auxiliary Publication Service �EPAPS�;38 a small fraction of
the data is given in Table II to show the information avail-
able. All the transitions detected, even the fine-structure tran-
sitions, are electric dipole in character and obey the parity
selection rule, +↔−. Most of the resonances showed a
small, doublet splitting attributable to the proton hyperfine
structure; an example of such hyperfine structure from the

FIG. 1. Part of the far-infrared LMR
spectrum of the FeH radical in the �
=0 level of the X 4� state. The spec-
trum is recorded with the 170.6 �m
laser line in parallel polarization
��MJ=0�. The pure rotational transi-
tion involved is J=11/2←9/2, Ω
=7/2; the values for the quantum
number MJ are shown by the reso-
nances. The very obvious doublet
structure is caused by lambda-type
doubling; the resonances are labeled
by the parity of the lower state in-
volved in the transition. The corre-
sponding resonances for 54FeH �5.8%�
and even 57FeH �2.2%� can also be
identified.

FIG. 2. Part of the far-infrared LMR
spectrum of the 56FeH radical in the
�=0 level of the X 4� state, recorded
with the 43.70 �m laser line in paral-
lel polarization ��MJ=0�. The transi-
tion involved in the main Zeeman pro-
gression is an electric-dipole fine-
structure transition, Ω=5/2←7/2, J
=11/2←11/2, −←+; the values for
MJ involved are shown by the reso-
nances. The corresponding resonances
for 54FeH can be seen at lower flux
densities �marked with asterisks�. The
Zeeman progression at very low fields
has not yet been assigned; the relative
intensities of successive resonances in-
dicate that the transition obeys the se-
lection rule �J= ±1.
AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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170.6 �m spectrum is shown in Fig. 4. These hyperfine split-
tings �in milliteslas� are also listed in Table II. The vast ma-
jority of the observations refer to the dominant isotopomer,
56FeH; these were the only transitions that were searched for
deliberately. However, it was also often possible to detect
signals for the 54FeH �5.8%� and 57FeH �2.2%� isotopomers
in natural abundance. Such signals are clearly visible in Figs.
1, 2, and 4.

B. Analysis of the data

In the past, we have enjoyed considerable success in
analyzing LMR spectra of open-shell molecules in terms of
an effective Hamiltonian.39,40 This is an operator that de-
scribes the rotational energy levels of a molecule, including
fine and hyperfine structures, in a particular vibrational level

TABLE I. Summary of observations in the far-infrar

FeH transitions observed

Ω J Parity ��

Rotation
7/2 9/2–7/2 �←
 21

21
11/2–9/2 
←� 17

17
13/2–11/2 �←
 14
15/2–13/2 
←� 12

5/2 7/2–5/2 
←� 22
22

11/2–9/2 �←� 14
13/2–11/2 �←� 12

3/2 5/2–3/2 �←� 28
28

�←� 29
29

1/2 3/2–1/2 �←� 41
40

5/2–3/2 �←� 27
Fine-struc

5/2–7/2 7/2–9/2 
←� 6
9/2–11/2 �←
 6

6
6

11/2–13/2 
←� 6
6

13/2–15/2 �←
 6
6

7/2–7/2 
←� 4
9/2–9/2 �←
 4

11/2–11/2 
←� 4
4

13/2–13/2 �←� 4
�←� 4

15/2–15/2 �←� 3

3/2–5/2 3/2–5/2 
←� 4
4

5/2–5/2 �←� 4
of a single electronic state in terms of molecular
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parameters.41,42 These parameters, such as the rotational con-
stant B or the spin-spin coupling constant �, absorb the ef-
fects of mixing of adjacent vibrational and electronic states.
Explicit formulas for the parameters can be obtained by
some chosen perturbative procedure.41 The success of the
effective Hamiltonian approach thus depends on the off-
diagonal mixing effects being much smaller than the separa-
tion between the various vibrational and electronic states.
This is not the case in FeH. Six electronic states have been
identified within 5000 cm−1 of the ground 4� state; the A 4�

state lies only 970 cm−1 above the X 4� state,27 closer even
than the first vibrational level at 1759 cm−1.15 FeH is there-
fore a molecule for which the Born-Oppenheimer approxi-
mation fails catastrophically and the effective Hamiltonian
simply does not work. The best attempt to fit a Hamiltonian

R spectrum of FeH in its X 4� state.

Laser line


�GHz� Gas Pump

nsitions
1397.11186 CH2F2 9R�34�
1419.0493 CH3OH 10R�4�
1745.4390 13CH3OH 10R�18�
1757.5263 CH3OH 9P�36�
2080.1893 CD3OH 10P�18�
2447.9685 CH2F2 9R�22�

1316.8387 CD3OD 10R�10�
1324.7719 CH2DOH 9P�46�
2080.1893 CD3OH 10P�18�
2447.9685 CH2F2 9R�22�

1047.6576 CH3OH 10R�48�
1067.1272 CH3OH 9R�18�
1020.3211 CH3OH 10R�10�
1031.3844 CD3OD 10R�14�

729.9328 CD3OD 10R�12�
736.0596 CH2CF2 10P�14�

1100.8067 CH2F2 9P�10�
ransitions

4796.7516 13CD3OH 10R�8�
4796.7516 13CD3OH 10R�8�
4751.3418 13CH3OH 9P�12�
4730.8606 CH3OH 9P�34�
4751.3418 13CH3OH 9P�12�
4730.8606 CH3OH 9P�34�
4751.3418 13CH3OH 9P�12�
4730.8606 CH3OH 9P�34�
6209.0872 CH3OH 10R�32�
6493.9115 CH3OH 9P�10�
6860.6642 CD3OH 10R�18�
6847.4732 CH3OH 10R�36�
7249.2660 CD3OH 10R�18�
7159.8953 CH3OH 9P�16�
7509.0362 CH3OH 9P�34�

6209.0872 CH3OH 10R�32�
6153.2790 CD3OH 9R�6�
7249.2660 CD3OH 10R�18�
ed LM

�m�

al tra
4.6
1.3
1.8
0.6
4.1
2.5

7.7
6.3
4.1
2.5

6.2
0.9
3.8
0.7

0.7
7.3
2.3
ture t
2.50
2.50
3.10
3.37
3.10
3.37
3.10
3.37
8.28
6.17
3.70
3.78
1.36
1.87
9.92

8.28
8.72
1.36
with a large number �13� of parameters to the term values of
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the �=0 level of the X 4� state has a standard deviation of fit
of a few cm−1, almost a thousand times larger than the ex-
perimental precision of measurement.

These characteristics of FeH have forced us to adopt a
more phenomenological approach to the analysis of its far-
infrared LMR spectra. We describe each individual spin-
rotational energy level by the formula

EJ,Ω,par�MJ� = E0 + gJ�BBZMJ + c1�B
2BZ

2 + c2�B
2BZ

2MJ
2,

�2�

where E0 is the zero-field energy of a level characterized by
its J, Ω, and parity values. The second term on the right hand
side describes the dominant linear Zeeman effect in terms of
Landé-type g factor. The third and fourth terms on the right
hand side model the second-order Zeeman effect arising
from the admixture of adjacent rotational levels; these terms
are expected to be smaller than the linear effect. The formula
given in Eq. �2� can be regarded as an extension of that given
in Eq. �1�.

Consider the case where we record the LMR spectrum
for a single rotational transition with a particular laser line in
both parallel ��MJ=0� and perpendicular ��MJ= ±1� polar-
izations. This provides two independent pieces of experimen-
tal information. When we try to describe these two spectra
with Eq. �1�, we see that there are three unknowns, �
L

−
0�, gJ�, and gJ�. Thus it is not possible to determine all three
of these parameters from the LMR observation with a single
laser line. For this reason, we have attempted to record the
LMR spectra associated with each rotational transition on at
least two different laser lines. It can be seen from Table I that
this has not always been possible. However, if information

on the Zeeman parameters of one of the two levels involved

Downloaded 13 Feb 2008 to 163.1.203.222. Redistribution subject to 
is available from the spectrum of a different transition, it is
still possible to include a single laser observation in the glo-
bal fit.

We have carried out a global fit of all the LMR data for
the three lowest spin components �Ω=7/2, 5 /2, and 3/2� by
linear least squares to determine values for the parameters
E0, gJ, c1, and c2 in Eq. �2� for each rotational level involved;
the lowest rotational level �J=7/2, Ω=7/2, and parity=−�
was taken as the zero of energy in the fit. It has not been
possible to include the observations on the highest spin com-
ponent �Ω=1/2� because we have not detected any fine-
structure transitions that connect it to the lower spin compo-
nents. Each data point in the fit was assigned the same
weight, consistent with an experimental uncertainty of mea-
surement of 2 MHz. A few resonances in the spectrum for
the 144.1 �m line had very large residuals and so were ex-
cluded from the final fit of 352 data points. These large re-
siduals almost certainly arise from experimental mismea-
surements; unfortunately, it has not been possible to repeat
them. The standard deviation of the fit relative to experimen-
tal uncertainty was 0.879, an entirely satisfactory result. The
values for the various parameters determined are listed in
Table III, together with their estimated uncertainties. The re-
siduals from this fit are given in Table II.38

The LMR spectrum associated with the J=3/2←1/2,
+←− transition in the Ω= 1

2 spin component has been re-
corded on two laser lines but is unfortunately not connected
with the rest of the data set. The measurements are well
described by a linear Zeeman effect, Eq. �1�. The data and
the results of the fit are given in Table IV. Note that the signs
of the g factors are not determinable from these observations.
The data can be fitted equally well by changing the signs of

FIG. 3. Diagram showing the lower
energy levels of the FeH radical in the
�=0 level of the X 4� state and the
transitions involved in the observed
far-infrared LMR spectrum. The
lambda-type �parity� doubling has
been exaggerated by a factor of 10 for
the sake of clarity. It can be seen that
the fine-structure transitions occur at
much shorter wavelengths than the
pure rotational transitions.
the MJ quantum numbers throughout.
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C. Analysis of the proton hyperfine structure

The majority of the resonances observed show a small
doublet splitting that is attributable to the proton �I= 1

2
� hy-

perfine interaction. This splitting arises from the coupling
between the nuclear spin magnetic moment and the magnetic
moments caused by the electron spin and orbital motions and
by the rotational motion of the molecule as a whole. At least
five independent parameters are required to describe these
various interactions in the effective Hamiltonian.42 Such a

TABLE II. A small part of the observations and as
radical in the �=0 level of the X 4� state. A complete
Ref. 38.

J�←J� Ω�←Ω� Parity MJ�←MJ�

9/2←7/2 7/2 �←� 7/2←7/2
�←� 7/2←7/2
�←� 5/2←5/2
�←� 5/2←5/2
�←� 5/2←7/2
�←� 5/2←7/2
�←� 3/2←5/2
�←� 3/2←5/2
�←� 1/2←3/2
�←� 1/2←3/2
�←� −1/2←1/2
�←� −1/2←1/2
�←� −3/2←−1/2
�←� −3/2←−1/2

9/2←7/2 7/2 �←� −7/2←−7/2
�←� −7/2←−7/2
�←� −5/2←−5/2
�←� −5/2←−5/2
�←� −3/2←−3/2
�←� −3/2←−3/2
�←� −3/2←−5/2
�←� −3/2←−5/2
�←� −1/2←−3/2
�←� −1/2←−3/2
�←� 1/2←−1/2
�←� 1/2←−1/2
�←� 3/2←1/2
�←� 3/2←1/2
�←� 5/2←3/2
�←� 5/2←3/2

a�B is the proton hyperfine splitting observed on a r
bH hyperfine splitting not resolved.
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treatment cannot be applied in this case since the effective
Hamiltonian is not even capable of describing the spin-
rotational levels of FeH in its ground 4� state. We have
therefore fitted the observed splittings to the phenomenono-
logical Hamiltonian43

Hhfs = AhfsI · J , �3�

where Ahfs is a parameter that has a different value for each
individual rotational level of given parity. Because the hyper-

ents in the far-infrared LMR spectrum of the FeH
n of this table is available as supplementary material

L

Hz�
B0

�mT�
�Ba

�mT�

L−
calc

�MHz�
�
 /�B0

�MHz/mT�

118.6 825.52 0.680 −0.5 −16.94
840.74 0.691 −2.4 −16.95

1166.44 0.716 0.7 −11.88
1188.05 0.718 0.3 −11.89
472.68 b −0.9 −29.58
481.55 b −2.0 −29.58
566.36 b −0.9 −24.63
577.02 b −2.0 −24.63
706.54 b −0.2 −19.67
719.93 b −0.6 −19.67
939.27 b −2.1 −14.70
957.36 b −0.2 −14.70

1404.47 b 1.8 −9.68
1431.23 b −3.2 −9.68

049.3 454.78 b 2.8 16.90
470.69 b 2.6 16.89
633.69 0.724 1.9 12.19
655.71 0.714 1.3 12.19

1038.58 b −0.1 7.56
1073.99 b −3.1 7.58

310.87 b 0.9 24.76
321.59 b 1.1 24.76
385.69 b 1.0 20.00
398.96 b 0.5 20.00
507.88 b 0.3 15.24
525.16 b 0.2 15.25
742.61 0.529 0.3 10.50
767.46 0.550 −0.4 10.52

1373.06 1.516 0.4 5.82
1416.76 1.534 −2.4 5.85

nce �in mT�.

FIG. 4. A small portion of the FIR
LMR spectrum of the FeH radical in
the �=0 level of the X 4� state, re-
corded with the 170.6 �m laser line in
parallel polarization ��MJ=0�; the
complete spectrum is shown in Fig. 1.
The partially resolved doublet struc-
ture on each resonance is caused by
the proton hyperfine interaction. The
lower field resonance is assigned to
54FeH �5.8%� and the higher field
resonance to 56FeH �91.7%�. Note the
change of amplifier sensitivity be-
signm
versio



�M

1 397

1 419

esona
tween the two parts of the scan.
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fine splittings are small and the resonances are all observed
at fields greater than 50 mT, it is justifiable to describe the
nuclear spin state as decoupled, �I ,MI�. The energy of an
individual nuclear spin state under these conditions is there-
fore

Ehfs = AhfsMJMI. �4�

For I= 1
2 , the observed splitting is the difference of the

TABLE III. Values for parameters determined in the
�=0 level of the X 4� state.

Ω J Parity E�GHz�

7/2 7/2 � 0.00000a

� 0.049 4�20�
9/2 � 1 411.092 41�68�

� 1 411.407 2�19�
11/2 � 3 156.891 77�82�

� 3 158.055 8�19�
13/2 � 5 245.275 7�27�

� 5 248.433 2�26�
15/2 � 7 683.069 4�41�

� 7 690.101 9�35�

5/2 5/2 � 4 915.247 8�27�
� 4 915.967 8�24�

7/2 � 6 236.094 3�26�
� 6 240.067 6�23�

9/2 � 7 926.927 5�15�
� 7 939.346 6�22�

11/2 � 9 984.491 5�27�
� 10 013.444 96�93�

13/2 � 12 406.554 3�32�
� 12 462.653 7�10�

15/2 � 15 192.094�17�

3/2 3/2 � 11 089.580 9�51�
� 11 098.931 4�34�

5/2 � 12 118.450 2�51�
� 12 153.361 1�31�

aThe energy levels are measured relative to the lowe
=7/2 spin component.
bThe figures in parentheses are the standard deviatio
quoted decimal place.
cThe value for the parameter c1 for the base level is

TABLE IV. Details of the far-infrared LMR spectra re
spin component of the FeH radical in the �=0 l
=730 914.80�4� MHz, gJ�=−0.280 423�59�, and gJ�=−

J�←J� Ω�←Ω� Parity MJ�←MJ�

3/2←1/2 1/2 �←� −1/2←−1/2
�←� 1/2←−1/2
�←� 3/2←1/2
�←� −1/2←1/2

a�B is the proton hyperfine splitting observed on a r
b
H hyperfine splitting not resolved.
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splittings in the upper and lower levels:

�
hfs = Ahfs
± �J�,Ω��MJ� − Ahfs

� �J�,Ω��MJ�. �5�

The observed splittings in milliteslas were converted to split-
tings in megahertz by use of the tuning rates given in Table
II.38 All of the observed hyperfine splittings were adequately
fitted by this model. The parameters A± were assumed to be
positive; the values determined are given in Table V. In the
absence of a magnetic field, each rotational level is split into
two closely spaced levels with F=J+ 1

2 and F=J− 1
2 . The

-squares fit of far-infrared LMR data for FeH in the

gJ 103 c1 �GHz−1� 104 c2 �GHz−1�

8 023�37�b 0.0c 0.9899�71�
7 946�32� 0.0076�59� 0.9791�63�
2 844�29� 0.9841�40� 0.0984�47�
2 630�23� 0.9725�50� 0.1037�38�
1 096�29� 1.2537�44� −0.0070�29�
0 532�22� 1.2287�54� 0.0033�25�
1 091�39� 1.3205�61� −0.0087�41�
0 154�76� 1.2936�65� −0.0002�51�
9 540�92� 1.331�13� 0.0062�78�
7 909�74� 1.2927�69� 0.0103�48�

2 507�66� 0.4122�75� 1.336�17�
1 387�39� 0.4082�63� 1.363�17�
6 094�50� 1.5418�66� −0.2212�88�
2 869�52� 1.5007�50� −0.1823�89�
5 076�37� 1.7713�52� −0.2041�42�
8 637�45� 1.6416�64� −0.1377�50�
7 72�42� 1.8329�60� −0.1361�38�
7 862�30� 1.6129�58� −0.0569�51�
3 726�58� 1.859�14� −0.0859�48�
0 456�29� 1.5331�63� −0.0123�24�
0 4�12� 2.023�79� −0.38�26�

3 974�66� 1.262�12� 1.160�40�
2 144�63� 1.1295�81� 1.441�31�
4 630�65� 2.078�14� −0.736�19�
1 283�45� 1.8003�96� −0.391�15�

bda doublet �−parity� of the J=7/2 level of the �

termined in the least-squares fit, in units of the last

eterminable and is assumed to be zero.

d for the J=3/2←1/2, �←� transition in the Ω= 1
2

of the X 4� state. Results of least-squares fit: 
0

071�89�.


L

Hz�
B0

�mT�
�Ba

�mT�

L−
calc

�MHz�
�
 /�B0

�MHz/mT�

932.8 573.60 5.70 0.03 −1.71
174.20 4.03 −0.06 −5.63
443.80 b 0.02 −2.21

059.6 912.69 3.87 0.00 5.63

nce �in mT�.
least

1.24
1.24
0.90
0.90
0.71
0.71
0.59
0.59
0.50
0.50

1.13
1.13
0.68
0.68
0.48
0.47
0.37
0.36
0.31
0.30
0.27

0.79
0.77
0.34
0.31

r lam

ns de
corde
evel
0.525

�M

729

736

esona
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diagonal matrix element of Hhfs in an I-coupled basis set
�appropriate to the zero-field situation� is

Ehfs = 1
2Ahfs�F�F + 1� − J�J + 1� − I�I + 1�� . �6�

The zero-field hyperfine splittings calculated with this for-
mula are equal to 1

2Ahfs�2J+1�; they are also given in Table
V. We emphasize that the relative order of the two hyperfine
components is not determined by our observations.

IV. DISCUSSION

In this paper, we report the observation of many rota-
tional and fine-structure transitions between low-lying levels
of FeH in its X 4� state by FIR LMR. These measurements
have been fitted with a phenomenological model to deter-
mine a set of energy levels and Zeeman parameters for 25
individual levels of FeH. The present results are consistent
with but more accurate than the previous measurements of
these term values by Phillips et al.13 from the electronic
spectrum, see Table VI. Nevertheless, the table bears witness
to the accuracy of the optical term values for the �=0 level
�0.01 cm−1�. We can use the results to predict the pure rota-
tional transition frequencies of FeH in the Ω=7/2 compo-
nent that are most likely to be detected in the interstellar
medium:

J = 9/2 ← 7/2, + ← − ,


 = 1 411 092.41�68� MHz,

TABLE V. Values for the proton hyperfine parameters for rotational levels
of FeH in the ν=0 level of the X 4� state.

Ω J Parity Ahfs
± �MHz� Splitting �MHz�a

7 /2 7/2 � 11.93�72� 47.72
� 13.4�12� 53.6

9/2 � 8.26�57� 41.30
� 9.54�96� 47.70

11/2 � 6.42�49� 38.52
� 7.76�86� 46.56

13/2 � 7.31�59� 51.17
� 6.84�47� 47.88

15/2 � 6.57�81� 52.56
� 7.41�58� 59.28

5/2 9/2 � 2.45�61� 12.25
� 4.2�11� 21.0

11/2 � 3.32�67� 19.92
� 2.54�53� 15.24

13/2 � 2.30�90� 16.10
� 2.99�63� 20.93

3/2 3/2 � 5.4�18� 10.8
� 5.7�18� 11.4

5/2 � 4.0�40� 12.0
� 3.5�40� 10.5

aThis is the calculated value for the zero-field hyperfine splitting of the
rotational level in question. Note that the relative order of the two hyperfine
levels is not determined by the present experiments.
hyperfine splitting � 6.4 MHz,
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J = 9/2 ← 7/2, − ← + ,


 = 1 411 357.8�28� MHz,

hyperfine splitting � 5.9 MHz,

J = 11/2 ← 9/2, − ← + ,


 = 1 745 799.4�11� MHz,

hyperfine splitting � 2.8 MHz,

J = 11/2 ← 9/2, + ← − ,


 = 1 746 648.6�28� MHz,

hyperfine splitting � 1.1 MHz.

In addition to the term values, we have determined
Landé-type g factors for the individual rotational levels stud-
ied. Reference to Table III shows that the values obtained
decrease with increasing J values and with decreasing Ω
values. Such behavior is broadly in line with expectation for
a Hund’s case �a� coupling scheme:42

gJ = �gS� + gL��Ω/�J�J + 1�� . �7�

The two major contributions to the molecular magnetic mo-
ment of an open-shell molecule are from the electron orbital
and electron spin angular momenta:

HZeemon = gL�BLZBZ + gS�BSZBZ + smaller terms. �8�

If one works out the matrix elements of this operator in a
Hund’s case �a� basis set and treats the matrix elements di-
agonal in J but off diagonal in Ω by second-order perturba-
tion theory, the gJ factors are given by the following expres-
sions in the four components of the 4� state:

Ω = 7/2, gJ =
�2gL + 3

2gS� 7
2

J�J + 1�
−

3�z − 9�B*gS
*

J�J + 1��E1 − E2�
, �9�

Ω = 5/2, gJ =
�2gL + 1

2gS� 5
2

J�J + 1�
+

3�z − 9�B*gS
*

J�J + 1��E1 − E2�

−
4�z − 4�B*gS

*

J�J + 1��E2 − E3�
, �10�

Ω = 3/2, gJ =
�2gL − 1

2gS� 3
2

J�J + 1�
+

4�z − 4�B*gS
*

J�J + 1��E2 − E3�

−
3�z − 1�B*gS

*

J�J + 1��E3 − E4�
, �11�

Ω = 1/2, gJ =
�2gL − 3

2gS� 1
2

J�J + 1�
+

3�z − 1�B*gS
*

J�J + 1��E3 − E4�
, �12�

where z��J+ 1
2

�2, B*=B− 1
2�, gs

*=gs+gl, and E1, E2, E3, and
E4 are the energies of the four spin components in order of
increasing energy. These formulas reproduce the experimen-
tal gJ factors only moderately well as is shown in Table VII,

better for the lower spin components than the higher ones.
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The g factors used in these calculations have been deter-
mined in a least-squares fit of the experimental gJ factors to
this model.44 Our inability to fit the experimental data in this
way is further evidence of the breakdown of the Born-
Oppenheimer approximation for FeH; the Zeeman param-
eters are particularly sensitive to the mixing with nearby
electronic states. Turning the argument the other way around,
accurate measurements of the g factors provide direct infor-
mation on the electronic structure of the molecule. Knowl-
edge of the g factors is also important for astrophysicists
who are studying the newly recognized class of cool substel-
lar objects known as brown dwarfs. The F 4�−X 4� transi-
tion of FeH is a dominant feature in the near-infrared spectra
of these dwarfs4,5 and has the potential to provide important
information about the surface conditions, including the local
magnetic fields �magnetic fields are thought to play an im-
portant role in the formation of such objects�. Both these
reasons emphasize the importance of making laboratory
measurements of the Zeeman effect on FeH.

Although the present paper reports extensive measure-
ments on FeH in its ground state by FIR LMR, much re-
mains to be done in this spectral region. In particular, it is
important to obtain more information on FeH in the highest,
Ω=1/2 component. These levels are difficult to study by
LMR methods because they are relatively insensitive to mag-

TABLE VI. Term values for rotational levels of F
far-infrared LMR.

Ω J Parity E �GHz�

7/2 7/2 � 0.000 00a

� 0.049 4�20�
9/2 � 1 411.092 41�68

� 1 411.407 2�19�
11/2 � 3 156.891 77�82

� 3 158.055 8�19�
13/2 � 5 245.275 7�27�

� 5 248.433 2�26�
15/2 � 7 683.069 4�41�

� 7 690.101 9�35�

5/2 5/2 � 4 915 247 8�27�
� 4 915.967 8�24�

7/2 � 6 236.094 3�26�
� 6 240.067 6�23�

9/2 � 7 926.927 5�15�
� 7 939.346 6�22�

11/2 � 9 984.491 5�27�
� 10 013.444 96�93

13/2 � 12 406.554 3�32�
� 12 462.653 7�10�

15/2 � 15 192.094�17�

3/2 3/2 � 11 089.580 9�51�
� 11 098.931 4�34�

5/2 � 12 118.450 2�51�
� 12 153.361 1�31�

aThe energy levels are measured relative to the lowe
=7/2 spin component.
bThe figures in parentheses are one standard deviation
place.
eH in the 
=0 levels of the X 4� state, determined by

T �cm−1� Phillips et al. �Ref. 13�

0.000 00a 0.00
b 0.001 648�67� 0.00
� 47.068 976�23� 47.07

47.079 477�63� 47.08
� 105.302 575�27� 105.32

105.341 403�87� 105.32
174.963 56�14� 174.96
175.068 887�87� 175.07
256.279 61�14� 256.27
256.514 19�12� 256.50

163.955 019 2�90� 163.98
163.979 035�80� 163.98
208.013 715�87� 208.01
208.146 250�77� 208.12
264.413 840�50� 264.40
264.828 097�73� 264.82
333.046 787�90� 333.04

� 334.012 571�31� 334.00
413.838 11�11� 413.83
415.709 381�33� 415.71
506.753 71�57� 506.75

369.908 60�17� 369.90
370.220 50�11� 370.22
404.227 99�17� 404.19
405.392 49�10� 405.52

r lambda doublet �-parity� of the J=7/2 levels of the �

of the least-squares fit, in units of the last quoted decimal
netic fields and are not well populated at ambient tempera-
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TABLE VII. Comparison of the experimentally determined gJ values for
FeH in the �=0 level of the X 4� state with the values calculated from a
Hund’s case �a� formula.

Ω J gJ
�1�a gJ

�2�b gJ �Calc.�c gJ �Expt.�d

7 /2 7/2 1.1339 0.1278 1.2617 1.247 985�35�
9/2 0.7216 0.1860 0.9076 0.902 737�26�

11/2 0.4995 0.2173 0.7168 0.710 814�26�
13/2 0.3663 0.2326 0.6023 0.590 623�58�
15/2 0.2801 0.2482 0.5283 0.508 725�83�

5/2 5/2 0.9701 0.1783 1.1484 1222 947�69�
7/2 0.5390 0.1099 0.6489 0.684 482�51�
9/2 0.3430 0.0788 0.4218 0.481 857�41�

11/2 0.2374 0.0621 0.2995 0.372 79�42�
13/2 0.1741 0.0520 0.2661 0.307 091�44�
15/2 0.1332 0.0455 0.1787 �0.270 4�12��e

3 /2 3/2 0.6754 0.1637 0.8391 0.783 059�65�
5/2 0.2895 0.0088 0.2983 0.327 957�55�

aFirst-order contribution to the gJ factor from Eqs. �9�–�12�, using gs

=1.707 and gL=1.271 �Ref. 44�.
bSecond-order contribution to the gJ factor from Eqs. �9�–�12�, using
B=6.4848 cm−1, �=−5.464 cm−1, gl=0.281, �E1−E2�=−191.09 cm−1,
�E2−E3�=−234.85 cm−1, and �E3−E4�=−268.62 cm−1 �Ref. 44�.
cTotal calculated gJ factor, the sum of the first- and second-order contribu-
tions.
dThe experimental values are the average values of the two lambda doublets,
given in Table III.
e
The experimental value is that for the � parity lambda doublet.
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tures. They can, however, be accessed most easily by fine-
structure transitions from the Ω=3/2 component in the
40 �m region. It would also be very worthwhile to make an
analogous study of the FeD isotopomer. The rotational analy-
sis of the F 4�−X 4� �Ref. 13� transition of this species,11

although ground breaking, was not as thorough as that of
FeH and, in particular, the spin-orbit splittings were not de-
termined. A knowledge of these fine-structure intervals is
important for the understanding of the electronic structure of
FeH.
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