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The rotational spectrum of the FeD radical in its X 4 a state, measured 
by far-infrared laser magnetic resonance 
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Transitions between the spin-rotational levels of the FeD radical in the v = 0 level of the X 4 A ground 
state have been detected by the technique of laser magnetic resonance at far-infrared wavelengths. 
Pure-rotational transitions have been observed for the three lowest spin components. Lambda-type 
doubling is resolved on all the observed transitions; nuclear hyperfine structure is not observed. The 
energy levels of FeD 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. © 2009 American Institute of Physics. [DOI: I0. !063/1.3117182] 

I. INTRODUCTION 

The FeH radical has been intensively studied over the 
past 40 years following its identification through the obser
vation of its electronic spectrum. 1

•
2 There are two reasons for 

this continuing interest. First, there is the role that it plays in 
astronomy. FeH was identified as a significant component of 
the atmospheres of the sun and other "cool" stars of spectral 
types M, S, and K some time ago.2

•
3 More recently, it has 

emerged as an important probe of the physical conditions of 
even cooler stars and substellar objects.4-

6 Such applications 
require a detailed knowledge on the molecule's spectroscopic 
and magnetic properties. The second motivation for the study 
of FeH is a desire to understand its electronic structure. This 
turns out to be the most complicated of all the first-row tran
sition metal hydrides, as evidenced by both theoretical 7 and 
experimental works.8

-
10 Indeed, despite a large number of 

separate spectroscopic studies, 11
-

26 the surface of this prob
lem has barely been scratched. There is a simple reason for 
the complexity of the electronic structure of FeH. The easy 
rearrangement of the electrons within the open d-shell orbit
als results in a large number of electronic states of similar 
energies. In the case of FeH, the separation between elec
tronic states is smaller than that between its vibrational 
levels.7•

14 As a result, there is a catastrophic breakdown of 
the Born-Oppenheimer separation for this molecule. The 
various electronic states perturb each other strongly (through 
spin-orbit and rotational mixings) and the individual rota
tional levels cannot even be modeled by the standard effec
tive Hamiltonian.27 A long-term objective of the current stud
ies of the electronic spectrum of FeH is to gather information 
on as many states as possible so that they can be fitted all 
together, along the lines of that achieved for NiH (the super-

•)Author to whom correspondence should be addressed. Tel.: (44)-
1865-275403. FAX: (44)-1865-2754!0. Electronic mail: 
jmb@physchem.ox.ac.uk. 

multiplet model28
•
29). Another source of information on the 

perturbations between the electronic states of FeH is the 
study of its isotopologue FeD. The vibrational and rotational 
energies of a diatomic molecule depend on its reduced mass 
but the electronic energy, to a good approximation, does not; 
the interstate mixings therefore occur at different v and J 
values in FeD and so throw a different light on their nature. 
The present paper, concerned with the rotational spectrum of 
FeD, is thus a contribution to the study of the electronic 
structure of FeH. 

In fact, there have been very few previous studies of 
FeD. A major contribution was made in 1983 by Balfour et 
al. 30 who succeeded · in performing a rotational analysis of 
two vibrational bands in the F 4Li-X 4.:i transition of FeD in 
the near infrared. This paper provided information on the 
rotational and vibrational energy levels and on the nature of 
the two electronic states involved. About the same time, 
Stevens et al. 12 recorded the laser photoelectron spectrum of 
FeH- and FeD-. A careful analysis of their results strongly 
suggested that the electronic ground state of FeH is 4 A with 
a 6 A state only 1945 cm- 1 above it; these proposals have 
been confirmed subsequently. Their study also provided the 
first reliable measurements of the vibrational wavenumbers 
of FeH and FeD in the ground electronic state. 

In the pr:esent paper, we report much more accurate mea
surements of the rotational spectrum of FeD in the v = 0 level 
of its X 4 A state. The spectrum is recorded by the technique 
of laser magnetic resonance (LMR) at far-infrared wave
lengths, appropriate to the fairly large rotational constant of 
this molecule {3.436 cm- 1). The spectrum is recorded by 
tuning individual M-components of the rotational transition 
into resonance with a fixed-frequency far-infrared laser by 
application of a variable magnetic field . As a consequence, 
information is obtained on the magnetic properties of FeD at 
the same time. The observations are fitted with an empirical 
model that provides values for the rotational intervals and the 
magnetic properties separately. 

0021-9606/2009/1 30( 15 )/154311 / 13/$25. 00 130, 154311-1 © 2009 American Institute of Physics 
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TABLE I. Summary of observations in the far-infrared LMR spectrum of FeD in its X 4~ state. 

FeD transitions observed 

~ 

n J Parity (µm) 

Rotational transitions 

7/2 4f-3f ++--± 373.6 

369. l 

5 f -4f ±+--+ 305.7 

302.0 

6f-5f + +--± 256.0 

253.7 

5/2 3f-2t ± +- + 418.7 

416.5 

4f-3f ++--± 328.6 

326.4 

5f-4f ±+--+ 268.6 

267.4 

3/2 2t-1 t :::;:: +-- ± 556.9 

554.4 

3f-2t ++-- 392.1 

1/2 2f-1 t -+-+ 513.0 

II. EXPERIMENTAL DETAILS 

The far-infrared LMR spectra were recorded in the Phys
ics Department at the University of Wisconsin-La Crosse us
ing the spectrometer constructed originally by Evenson at the 
Boulder laboratories of NIST; the spectrometer has been de
scribed in detail elsewhere.31 The FeD radicals were pro
duced in the spectrometer sample volume by the reaction of 
deuterium atoms with Fe(C0)5 vapor in a flow system, the D 
atoms being generated by passing a mixture of D2 in helium 
through a microwave discharge operating at 2450 MHz. The 
total pressure in the sample volume was 1.5 Torr (200 Pa); 
the partial pressure of D2 was 50 mTorr (6.6 Pa) and that of 
Fe(COh was 7 mTorr (0.9 Pa) . Under these conditions, a 
black deposit of finely divided iron powder was put down in 
the reaction zone and the reaction cell needed frequent clean
ing. The magnetic field was modulated at a frequency of 5.2 
kHz and the signal detected with a lock-in. amplifier at the 
same frequency. The resonances were consequently dis
played as the first derivative of an absorption profile. The 
magnetic flux densities were measured at the start and end of 
each scan, typically over 10 mT, using the probe of a proton 
NMR gaussmeter mounted on one of the magnet pole pieces; 
the measurement of each resonance was then made by linear 
interpolation. The resultant experimental uncertainties were 
between 0.13 and 0.3 mT, depending on the signal-to-noise 
ratio. The errors of measurement-of each resonance included 
in the least-squares fit depended on four factors, the uncer
tainty in measurement of the flux densities (discussed 
above), the accuracy of the laser frequency (which varied 
from 2 to 5 parts in 107

), the setting of the laser to the top of 
its gain curve, and the signal-to-noise ratio. It is quite a com
plicated exercise to estimate the uncertainty in each indi
vidual resonance. Consequently, we have assigned the same 

Laser line 

II 

(GHz) Gas Pume 

802.4928 N2H4 10R(l 2) 

812.1954 CH30H 9P(l6) 

980.5916 CH30D 9R(8) 

992.7089 CH30H 9P(l4) 

1170.9410 CH2F2 9P(24) 

1181.5889 CD30H 10R(36) 

715.9876 CD30H 10R(36) 

719.7511 CH30H 9P(14) 

912.3739 13CH30H 9P(l2) 

918.4170 CH2F2 9R(14) 

1116.2450 13CH30H 10R(J6) 

1120.9577 CH30H 10R(34) 

538.3473 CD31 10P(36) 

540.7831 CH2CF2 10P(14) 

764.6426 CHpH 9P(36) 

584.3882 HCOOH 9R(28) 

uncertainty of 2 MHz to each resonance; this is a figure 
based, on experience of making such measurements in a 
range 'of far-infrared LMR spectra.32

-
34 

Ill. RESULTS AND ANALYSIS 

A. Experimental observations 

The four spin components of the X 4 ~ state of FeD lie in 
an inverted order, with O = 7 / 2 lowest and O = 1 / 2 highest in 
energy. The separation between successive spin components 
is approximately 200 cm- 1• 

10 Rotational transitions of FeD 
in the lowest three spin components of the v = 0 level of the 
X 4 ~ state have been detected by the technique of far-infared 
LMR spectroscopy; a tentative detection of a transition in the 
highest 4

~ 112 component is also reported. A summary of the 
various rotational transitions detected is given in Table I, 
together with the details of the laser lines employed. The 
transitions are also shown on the energy level diagram in 
Fig. 1. 

An example of the observed LMR spectra of FeD is 
given in Fig. 2. It shows the survey spectrum for the 
369 .1 µm laser line in 1r polarization ( that is, with the os
cillating electric field parallel to the applied magnetic field 
Bz inducing ~M1=0 transitions). The rotational transition 
involved is J =4! +- 3 i in the lowest O = 7 / 2 spin compo
nent. On closer inspection, each experimental signal consists 
of a closely spaced doublet, arising from lambda-type dou
bling. Another example, shown in closeup, is given in Fig. 3. 
In this case, the spectrum is recorded with the 302.0 µm 
laser line in u polarization (~M1= ± 1 transitions); the rota
tional transition involved is J = 5 !-4 i in the O = 7 / 2 spin 
component. The lambda doubling can be clearly seen. 

In the case of the far-infrared LMR spectrum of FeH, a 
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small proton hyperfine splitting was just resolvable. 10 The 
corresponding splitting was not observed in the spectra of 
FeD; this is to be expected since the magnetic dipole mo
ment of the deuteron is 6.5 times smaller. The dominant iso
tope of iron is 56Fe (91.7%); the analysis given in the present 
paper is confined to this isotopologue. Signals from 54FeD 
(5.8%) were also recorded as can be seen in both Figs. 2 and 
3. 

B. Assignment of the LMR spectra 

The rotational transition for each LMR spectrum was 
easily assigned by the use of the term values determined by 
Balfour et al. 30 from the electronic spectrum; indeed, the 
term values were used to select the laser lines for the present 
experiments. Since these term values go no lower than J 
=3!, some extrapolation was needed to reach the actual J 
values studied. The assignment of the M, quantum numbers 
for each individual LMR spectrum was based on the identi
fication of Zeeman patterns, which consist of the relative 
magnetic fields, relative intensities, and linewidths in mT. In 
both 1r (aM,=0) and u (aM,= ± 1) polarizations, these pat
terns are consistent with a linear Zeeman effect 

+-...----
+--------

0=3/2 

712 

J=312 

J. Chem. Phys. 130, 154311 (2009) 

FIG. I . The lower energy levels of the 
FeD radical in the v=O level of the 
X 4.:l state and the transitions involved 
in the observed far-infrared LMR 
spectrum. The lambda-type (parity) 
doubling has been exaggerated by a 
factor of I 00 for the sake of clarity. All 
the transitions observed obey the se
lection rule Ill= + I, ::!: <- +. 

(1) 

In this equation, vL is the laser frequency, v0 is the zero-field 
transition frequency, g1 is the molecular g-factor, and M1 is 
the quantum number for the component of the rotational an
gular momentum J along the direction of the magnetic flux 
B2 ; the single and double primes are used to distinguish the 
upper and lower levels involved in the transition, respec
tively. The LMR spectrum in 1T polarization is easy to assign 
because the resonant field is proportional to 1 / M, to a good 
approximation. Because g; is less than g; for all the transi
tions studied, the first line in the u-spectrum falls at a lowe~ 
field than that in the 1r-spectrum. Once this resonance has 
been established, the Zeeman progression with aM ,= 1 or 
-1 can be followed through with the help of the formula in 
Eq. (1) . This procedure is relatively easy if the lambda dou
bling is small; one simply looks for a progression of doublets 
with the spacing inversely proportional to the resonance 
field. Once the lambda doubling becomes large compared 
with the spacing between the M, components, the assign
ment is more challenging. 

The measurements of the individual resonances, together 
with their assignments, are given in Table II. All the transi-
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-7/2 

-1/2 

-5/2 

-3/2 

0.0 0.4 0.8 1.2 1.6 
Flux densityfT 

FIG. 2. Part of the far-infrared LMR spectrum of the FeD radical in the u 

=0 level of the X 4.6. state. The spectrum is recorded with the 369.1 µm 
laser line in parallel polarization (.6.M,=0). The pure rotational transitions 

involved are 1=4t+-3t, fl=7 / 2; the values for the quantum number M, 
are marked by the resonances. On closer inspection, each resonance shows a 
small doublet structure caused by lambda-type doubling. The corresponding 
resonances for 54FeD (5.8%) can also be identified, marked by asterisks. 

tions detected are electric dipole in character and obey the 
parity selection rule, + +-+-. The absolute parities assigned to 
the levels of FeD in this work are taken from those derived 
for FeH.21 

C. Analysis of the data 

As explained in the previous paper10 on the far-infrared 
LMR spectrum of the FeH radical, it is not possible to ana
lyze the measurements of FeD in terms of an effective 
Hamiltonian27 because of a major breakdown in the Born
Oppenheimer approximation. We have therefore adopted a 
phenomenological approach to the analysis of the far
infrared LMR spectra. Each individual spin-rotational energy 
level is described by the formula 

* * 

130 150 170 
Magnetic flux density (mT) 

FIG. 3. A small portion of the far-infrared LMR spectrum of the FeD radical 
in the v=O level of the X 4.6. state, recorded with the 302.0 µm laser line in 
perpendicular polarization (AM,= :t I). The transitions involved are fl 
=7 /2, J=Si+-4t, and M1=1i+-i. The well-resolved doublet structure 
arises from lambda-type doubling. The two weak resonances at higher field, 
marked by asterisks, can be assigned to a different M I transition of 54FeD 
(5.8%} with a slower tuning rate. 
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where £ 0 is the zero-field energy of a level characterized by 
its 1, 0, and parity values. The second term on the right hand 
side describes the dominant linear Zeeman effect in terms of 
a Lande-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). As explained in Ref. 10, when modeling the en
ergy levels with the formula in Eq. (2) , it is desirable to 
record the LMR spectra associated with each rotational tran
sition of FeD on at least two different laser lines. It can be 
seen from Table I that this has been possible in almost all 
cases. 

Once the individual LMR spectra had been assigned, a 
global fit of all the data for the three lowest spin components 
(0=7 / 2, 5/2, and 3/2) for FeD was carried out by linear least 
squares to determine values for the parameters £ 0, g1, ci, and 
c2 in Eq. (2) for each rotational level involved; the lowest 
rotational level (J=3t 0=7 /2, parity=-) was taken as the 
zero of energy in the fit. In the case of FeD, it has not yet 
proved possible to detect fine-structure transitions between 
the different spin components. Consequently, the data break 
down into six unconnected sets, three for each spin compo
nent multiplied by 2 for the e and f levels. In order to gen
erate a single set of energy levels, we have included the 
required lambda doubling and spin-orbit intervals, con
strained to values determined from experimental data, as data 
points in the fit. The lambda-doubling interval d v0 , equal to 
dvo=(E1-E,), for each spjn component of the 4d state has 
been modeled as follows : 

dv712 = k112[(1 + D2
- 9 ][(1 + D2

-4][(1 + D2
- 1 ](1 + D, 

(3) 

(4) 

(5) 

The lambda doubling observed in the R712(3!) spectrum was 
determined in a least-squares fit of the data to be 7.00(53) 
MHz. This splitting corresponds to 35 280k712 [the difference 
between the values for 1=4! and 3! in Eq. (3)]; from this, 
we calculate that the lambda doubling in the 1 = 3 ! level is 
1.009 MHz. The separation between the two parity levels of 
the 1 = 3 ! level was constrained to this value in the global fit 
of all the LMR data. The corresponding lambda-doubling 
intervals for the 0=5 / 2 and 3/2 components are 35.77 MHz 
(1=2!) and 1 429.01 MH~ (1= 1 !), respectively. The proce
dure for estimating the fine-structure intervals is described in 
Sec. IV. The separation between the 1=2!, 0=5 / 2, parity 
=+ and 1=3!, 0=7 / 2, parity=- levels was constrained to 
4482.1996 GHz and that between 1 = 1 ! , 0 = 3 I 2, parity= -
and 1=2!, 0=5/2, parity=+ levels was constrained to 
5992.1061 GHz. 
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TABLE II. Measurements and assignments of the far-infrared LMR spectrum of FeD in the X 4A state. 

J' +-]" n Parity M;.-M; 

4!+-3! 7/2 ++-- 3!.--3! 
2t +-2! 
1t.-1t 

Ii +-2i 

t-1 i 
I I 

-2+---2 
-It+--! 

4!+-3! 

4!+-3! 7/2 ++-- - 3! +- - 3! 
-2t--2t 
-1t--1t 

I I 
-i--i 

-1!--2t 
- t- -1 t 

I I 
i+--i 
1 i+-i 

-4t+--3t 

2t +-Ii 

4!.--3! 7/2 -+-+ 3!.--3! 
2t.-2t 
Jt.--11 
1t.-2t 

t- 1t 
I I 

-2+---2 
-1t--t 
4!.--3! 

4i+-3t 7/2 -+-+ I ' I 
-3i+--32 

-2t--2t 
-1t --1t 

I I 
-2+----2 

-1t--2t 
- t- - it 

I I 
i+--i 
I t.-t 

-4t+--3t 

2t +-Ii 

5i.-4i 7/2 -+-+ 4i+-4t 
3! +-3t 
2t.-2t 
3i+-4i 
2t +-3! 
1t.-2t 

t-1t 
I I 

-i+-2 
-1t--t 

The information in each LMR spectrum depends on the 
difference in the values of the second-order Zeeman param
eter Ct, not their separate values. In the absence of any in
formation on ·the fine-structure transitions, the parameter Ct 

had therefore to be estimated for the lowest level of each fl 
and parity set. Since this parameter arises from the effect of 
magnetic-field mixing of adjacent rotational levels, it is ex-

IIL Bz J/L-Vcalc av/aB2 

(GHz) (mT) (MHz) (MHz/mT) 

802.4928 355.56 -0.21 -17.79 

501.51 -0.10 -12.52 
860.62 4.19 -7.08 
259.17 0.04 -24.35 
328.20 0.85 -19.16 
447.87 -0.00 -13.95 

707.04 -0.06 -8.68 
1044.81 -1.19 -6.01 

812.1954 190.21 -0.40 17.77 
265.28 -0.75 12.79 
435 .95 0.08 7.89 

1139.94 -2.21 3.40 
138.10 1.31 24.50 
174.10 -0.33 19.47 
235.28 -1.36 14.46 
362.06 -1.76 9.48 
561.10 2.13 6.01 
773.90 2.03 4.60 

802.4928 355.94 -0.40 -17.79 
502.02 -0.65 -12.52 
861.52 3.68 -7.08 
259.45 -0.18 -24.35 
328.54 -1.38 -19.16 
448.40 0.34 -13.95 
707.83 - 0.74 -8.68 

1045.89 -0.90 -6.07 

812.1954 189.83 -0.38 17.77 
264.77 -0.95 12.79 
435.11 -0.00 7.89 

1137.94 -1.96 3.39 
137.84 0.83 24.50 
173.76 -0.59 19.47 
234.82 -1.63 14.46 
360.96 1.65 9.48 
560.12 1.88 6.01 
772.47 1.40 4.60 

980.5916 887.74 1.63 -12.34 
1147.05 -0.13 -9.50 
1626.34 -1.26 -6.61 
514.47 -0.06 -21.34 
591.32 -0.56 -18.55 
695.31 0.03 -15.75 
843 .75 -0.39 -12.94 

1073.46 0.94 -10.13 
1476.69 0.64 -7.30 

pected to be inversely proportional to the rotational constant 
B from second-order perturbation theory. We have therefore 
estimated the Ct values from those determined for FeH, 10 

scaling in the ratio of the B values for each fl component. 
The values used in the FeD fit were as follows: 



154311-6 Jackson et al. J. Chem. Phys. 130, 154311 (2009) 

TABLE II . (Continued.) 

VL Bz VL -Veale av!BB2 
}' +- ]" n Parity M;+-M; (GHz) (mT) (MHz) (MHz/mT) 

st +- 4t 7/2 - +- + -4t+--4t 992.7089 89.81 0.28 12.45 

-3t +--3t 115.46 -0.1 9 9.69 

-2t+--2t 161.37 0.33 6.94 

-lt+--lt 267 .98 -0.60 4.20 
I I 763.03 0.73 1.55 -2+--2 

-3t+--4t 52.17 0.27 21.43 

-2t +- -3t 59.90 0.16 18.67 

-lf +- -2f 70.32 -0.01 15.91 

-t+--lf 85.10 -0.11 13.15 
I I 107.85 -0.84 10.39 2+---2 

1 f +-f 146.86 -0.00 7.63 

2f +--1 f 230.38 -0.24 4.87 

-5f+--4t 322.55 -0.47 3.48 

3f +-2t 530.76 -0.40 2.15 

st +- 4f 7/2 ++-- 4k+-4t 980.5916 889.49 1.29 -12.35 

3t +- 3f 1149.36 -0.03 - 9.50 

2f +- 2f 1629.62 -1.22 - 6.61 

3f +-4t 515.52 -0.19 -21.34 

2i+-3t 592.60 0.55 -18.55 

1t +- 2t 696.77 0.25 -15.75 

i +--1 t 845 .55 -0.08 - 12.94 
I I 1075.75 0.75 -10.13 -2+-2 

-li +- -t 1479.99 0.49 -7.30 

st +- 4f 7/2 + +- - -4f +- -4t 992.7089 ' 87.94 0.16 12.45 

-3f +--3f 113.05 -0.24 9.69 
-2t +--2i 157.99 0.38 6.94 

-it +- -li 292.38 -0.48 4.20 
I I 747.90 0.77 1.54 - 2+-- -2 

-3f+--4f 51.07 0.48 21.43 

-2t +- -3f 58.67 -0.23 18.67 
-lf+--2f 68.85 0.03 15.91 

-t+--Jt 83.36 -0.35 13.15 
I I 105.59 -0.68 10.39 2 +-- -2 
I t+-f 143.81 -0.02 7.63 

2f +--1 t 225.64 -0.36 4.87 
-Sf +- -4f 315.68 -0.37 3.48 

3f +-2f 520.24 -0.90 2.15 

6f +- s t 7/2 + +- - 5f+-5f 1170.9410 527.28 1.73 -9.21 

4f +- 4f 644.95 1.08 -7.52 

3f +- 3f 830.55 0.14 -5.83 

2f+-2f 1167.26 -2.51 -4.13 

4f +- 5f 294.42 -0.93 -16.52 

3f+-4f 327.83 -0.41 -14.84 

2t +-3f 369.81 0.38 - 13.15 

1i+-2f 424.00 -0.12 -11.47 

f +--1 f 496.81 -0.91 -9.79 
I I 600.06 -0.48 -8.10 -2+- 2 

-lf +- -t 757.59 -0.623 -6.41 

- 2f+--lf 1028.00 0.62 I -4.71 

-3f+--2f 1601.80 -0.48 -3.00 

!1= 5/2, 1=2!, parity= + c 1 = 0.7681 X 10-3 GHz- 1, fl= 3/2, l= 1!, parity= - c 1 =0.2451 X 10-2 GHz- 1, 

fi= 5/2, I 1=22, parity= - c, = 0.7606 X 10-3 GHz- 1, fl= 3/2, l= 1!, parity= + c 1 = 0.2193 X 10-2 GHz- 1• 
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TABLE II . (Continued.) 

]'+- } " n Parity M;<--M~ 

6!-5! 7/2 + <--- -st--st 
-4! <---4! 
- 3! <-- - 3! 
- 2t - - 2t 
- 3! <-- - 4f 
- 2t <-- - 3f 
- If <---2f 

-t--1t 
I I 
2 .._ -2 

1t-t 

6f-st 7/2 - <-- + sf-st 
4t <--4f 

3f-3! 
2t-2t 
4f-st 
3! <--4! 

2t-3t 
1t-2t 

t-1t 
I I 

-2+-2 
-11--t 
-2t- - 1 t 
-3t <-- - 2! 

61- s t 7/2 - <-- + - sf - - sf 
- 4f <---4t 

-3f- - 3f 
- 2f ,--'\- 2t 
- 3f <-- - 4f 
-2f--3f 
- 1t- - 2t 
- t- - 1t 

I I 
2+- - 2 
1t-t 

3f-2t 5/2 - <-- + -2t- - 2t 
-it--1 t 

I I - 2 .._ - 2 

-t--1t 
I I 
2<-- - 2 

- 3f <---2f 

1t-t 

3f-2t 5/2 - <-- + - 2t <-- - 2f 
-it--1t 

I I 
- 2 <-- - 2 
-t--1t 

I I 
2+- - 2 

-3f--2t 

1f-t 

Each data point in the fi t was assigned the same weight, 
consistent with an experimental uncertainty in the measure
ment of 2 MHz. The standard deviation of the fit of 239 data 
relative to experimental uncertainty was 0.545, which sug
gests that the estimate of experimental uncertainty is some-

J . Chem. Phys. 130, 154311 (2009) 

IIL Bz Vl - Veale avlaB2 
(GHz) (mT) (MHz) (MHz/mT) 

1181.5889 620.54 -1.49 9.35 
757.27 1.38 7.66 
971.98 -0.70 5.99 

1353.50 1.68 4.32 
387.47 -0.57 14.94 
436.9 1 - 0.18 13.25 
500.83 -0.07 11 .56 
586.55 0.81 9.87 
707.77 0.59 8.18 
891.86 0.65 6.50 

11 70.9410 533.88 1.65 -9.22 
653.07 1.26 -7.53 
841.04 0.35 -5.83 

11 81.96 -2.88 -4.13 
298. 16 -1.31 - 16.52 
332.03 -0.39 - 14.84 
374.49 -0.53 - 13.15 
429.39 -0.97 -11.47 

503.48 1.40 -9.78 
607.99 0.41 -8. 10 
767.41 - I.IS -6.41 

1041.72 0.64 -4.7 1 
1623.77 -0.35 -3.00 

11 81.5889 613.70 - I. I I 9.35 
749.13 0.18 7.66 
961.20 0.17 5.98 

1338.78 1.44 4.32 
383.25 -0.70 14.93 
432.11 0.3 1 13.25 
495.38 -0.09 11.56 
580.24 0.22 9.87 
700.20 -0. 11 8. 18 
882.14 1.46 6.50 

719.75 1 I 316.73 1.55 15.27 
521.15 -1.93 9.41 

1364.90 -0.35 4.03 
273 .98 1.31 17.70 
415.95 1.26 11.76 
707 .95 -0.05 6.84 
852.60 1.14 5.96 

715.9876 69.96 0.66 15.23 
116.34 -0.21 9. 19 
336.69 - 0.17 3.29 

6.70 -0.36 17.58 
92.86 - 1.43 11 .52 

156.49 0.43 6.81 
196.29 - 1.83 5.50 

what conservative. The values for the various parameters de
termined in the least-squares fi t are listed in Table ill, 
together with their estimated uncertainties. The residuals 
from this fi t are given in Table II. Two data points in the 
268.8 µm spectrum ( 1r polarization) were zero weighted in 
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TABLE II . (Continued.) 

vL Bz Vl-Vcalc avtaB2 
}'+-]" n Parity M;+--M] (GHz) (mT) (MHz) (MHzlmT) 

3f ..-2t 5/2 ++--- -2t +-- -2f 719.7511 304.73 2.05 15.28 

-I t...--1& 501.55 -0.00 9.41 
I I 1320.30 -0.79 4.00 -2+--2 

-f +---If 263.83 1.28 17.70 
I I 400.85 0.80 11.74 2+--2 

-3t+---2f 680.20 -0.47 6.86 
q .... t 823.50 1.98 5.93 

3f .... 2t 5/2 ++--- -2f ..--2t 715.9876 58.17 0.42 15.24 

-lf+--lf 96.85 -0.91 9.19 

-f+---lf 281.96 -0.95 3.25 
I I 77.31 -1.25 11.51 2+--2 

-3f ..--2t 129.96 -0.Q2 6.82 

I t+-f 163.95 -2.13 5.48 

4f ..-3f 5/2 ++--- 3f ..-3f 912.3739 546.30 0.87 -9.54 

2f ..-2t 767.58 0.21 -6.76 

If ...-1 f 1296.94 -0.84 -3.95 

2f .... 3t 343.59 1.12 -15.20 

If ..-2f 419.26 0.61 -12.45 

f ...-1 f 537.77 -0.12 -9.70 
I I 750.25 -0.Q7 -6.93 -2+--2 

-Jt..--t 1243.57 0.07 -4.15 

4f ..-3f 1328.44 -0.11 -3.99 

4f ..-3f 5/2 ++--- -3t +---3t 918.4170 \ 83 .29 -0.86 9.66 

-2f ..--2t 116.54 -0.86 6.91 

-1f..--1t 193.84 -0.86 4.16 

-t+---it 82.07 . -0.71 9.80 
I I 114.15 -0.54 7.05 i+-- - 2 
If ..-f 187.39 -0.38 4.30 

-4f+---3f 200.94 0.89 4.00 

4f ..-3f 5/2 -+--+ 3f ..-3f 912.3739 598.44 1.02 -9.55 

2f ..-2t 840.99 0.34 -6.77 

I t..-1f 1421.84 -1.08 -3.94 

2f .... 3t 376.90 1.02 -15.21 

If ..-2f . 460.11 0.91 -12.45 

f ...-1 f 590.51 0.10 -9.69 
I I 824.67 -0.15 -6.92 -i+--i 

-lf..--f 1370.63 0.87 -4.13 

4f ..-3f 1447.22 -0.13 -3.92 

4t..-3f 5/2 -+--+ -lf+---lf 918.4170 70.62 -0.56 4.15 

-t+---it 210.33 -0.97 1.41 

-it+---2! 23.25 0.53 12.56 

-f+---lf 29.79 0.72 9.79 

1 t +-- f 68.79 -1.16 4.27 

-4f..--3t 73.01 -1.49 4.03 

5t..-4t 5/2 -+--+ 4f ..-4f 1116.2450 461.20 0.18 -6.55 

3f ..-3f 593.3 1 0.13 I -5.09 

2f ..-3f 326.30 -0.13 -9.28 

1 f ..-2t 387.26 -0.11 -7.83 

f ...-1 t 476.24 -0.08 -6.37 
I I 618.25 -0.46 -4.90 -2+-2 

-Jf..--t 881.34 -0.24 -3.44 
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TABLE II. (Continued.) 

1/L Bz VL -Veale av! aB2 

J'+--1" n Parity M;<-M~ (GHz) (mT) (MHz) (MHz/mT) 

st ,_4t 5/2 -<-+ -4t<--4t 1120.9577 252.25 0.00 6.66 

-3t <--3t 324.30 -0.41 5.18 

-2t--2t 453.48 0.30 3.71 

-it - -it 753.51 0.76 2.24 

-3t<--4t 154.67 0.58 10.84 

-2t <--3f 179.11 0.15 9.36 

-1t--2t 212.65 0.12 7.89 

-t--1t 261.69 -0.22 6.41 
I I 340.01 --0.23 4.93 2 +-- -2 
If ,-f 485.19 -0.23 3.45 

-5f--4f 683.21 -0.12 2.47 

5f,-4f 5/2 +<-- 4f ,-4t 1116.2450 628.47 0.11 -6.57 

3f,-4t 385.48 0.25 -i0.74 

2t,-3f 446.33 -0.18 - 9.28 

1f,-2t 530.06 -0.27 -7.82 

t-1t 652.56 0.15 -6.35 
I I 848.58 0.07 -4.89 -2<-2 

st-4t 5/2 +<-- -2t <- -2t 1120.9577 214.878 -240.21 3.71 

- it- - it 358.628 - 242.62 2.23 

I t<-t 162.40 0.08 3.43 

2t <-1 t 286.24 -0.41 1.94 

-sf--4t 222.54 0.44 2.50 

-4f <- -3f 546.55 -0.23 1.02 

2t <- It 3/2 +<-- -1t--1t 540.7831 466.50 0.72 8.14 
I I 1291.60 -0.12 3.17 - 2<--2 

_! <-,-1 ! 
2 , 2 319.88 -0.57 11.86 
I I 580.10 0.12 6.62 2<--2 

-2t- -1 t 867.22 -0.16 4.39 

2t <-It 3/2 +<-- -1t --1t 538.3473 166.38 0.35 8.08 
I I 483.90 0.10 2.86 -2 +-- - 2 

- t--1t 113.87 0.25 11.80 
I I 208.45 -0.89 6.48 2+--2 

-2t--1t 309.46 0.06 4.35 

1t-t 1109.70 0.14 1.38 

2t-it 3/2 -<-+ 1 t<-1 t 540.7831 62.425 0.11 -8.13 
I I 189.55 0.15 -2.65 2<-2 
t-1 t 43.41 -0.36 -11.69 

I I 81.21 0.15 -6.25 - 2 +-- 2 
2t <-It 110.88 -0.04 -4.58 

2t <-1 t 3/2 - <- + I t<-1 t 538.3473 363.01 0.01 -8.07 
I I 1173.48 -0.00 -2.30 2+-2 
I I 475.54 -0.00 -6.11 - 2<-2 

2t <-It 645.01 0.00 -4.54 

•upper level perturbed. Measurement excluded from the fit. 

the fit because they showed much larger residuals, strongly Only two resonances were detected, one in 7r and one in a 
suggesting that the upper levels of these transitions are per- polarization; details are given in Table IV. These resonances 
turbed. can be confidently assigned to the higher frequency lambda-

Two sets of observations in the far-infrared LMR spec- doublet ( + +- - ) of the R(2 ! ) transition in the O = 3 I 2 spin 
trum have been excluded from the global fit. The first of component. The three Zeeman parameters for the lower level 
these is the spectrum recorded with the 392.1 µm laser line. in this transition are known from the global fit (Table III). 
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TABLE III. Values of the parameters determined in the least-squares fit of the LMR data for FeD in the u 
=0 level of the X 4~ state. 

E l03c1 J04c2 
n J Parity (GHz) g, (GHz-1) (GHz-1) 

7/2 3! 2 0. 0000• 1.202 032(4It 0. 0000< 1.622(15) 

+ 0.001 009< 1.202 006(41) 0. 0000< 1.642(15) 
4! 2 + 808.815 12(35) 0.839 160(30) 1.9572(42) -0.0313(85) 

808.823 13(35) 0.839 152(30) 1.9562(42) -0.0225(86) 
5! 2 1800.405 98(45) 0.64 1 633(26) 2.5091(48) -0.1652(48) 

+ 1800.437 33(45) 0.641 611(26) 2.5074(48) -0.1580(56) 
6! 2 + 2976.218 77(62) 0.521 160(26) 2.6723(61) -0.1194(54) 

2976.313 08(62) 0.521 105(27) 2.6714(61) -0.1167(54) 

5/2 2! 2 + 4482.199 60c 1.035 87(13) 0.7681c 1.84(12) 

4482.235 37< 1.035 84(14) 0.7606c 1.77(14) 
3! 2 5197.121 75(43) 0.601 066(62) 2.6796(32) -0.506(41) 

+ 5197.336 63(45) 0.600 738(78) 2.6643(35) -0.527(49) 
4! 2 + 6114.735 37(54) 0.404 190(47) 3.0240(46) -0.394(20) 

6115.461 21(55) 0.403 365(58) 2.9934(44) -0.395(23) 
5! 2 7234.018 38(73) 0.299 069(51) 3.0892(96) -0.245(16) 

+ 7235.862 44(84) 0.297 643(65) 3.0363(118) -0.235(19) 

3/2 1! 2 10474.3057c 0.649 11 (52) 2.451c 1.24(48) 

+ 10 475.734.7) < 0.642 34(77) 2.1934c 1.10(116) 
2! 2 + II 011.3100(13) 0.265 85(13) 3.4640(40) -0.883(109) 

11 017.0257(11) 0.254 30(319) 3.1409(71) -0.824(217) 

"The energy levels are measured relative to the lower lambda-doublet (- parity) for the 1=3f level of the n 
=7 /2 spin component. 
t>rhe figures in parentheses are the standard deviations of the least-squares fit, in units of the last quoted decimal 
place. 
<Parameter constrained to this value in the fit ; see text for details. 

'I)te zero-field transition frequency is estimated to be 
575.094 GHz (by extrapolation). If this value is assumed to 
be correct, a fit of the two data points assigned as in Table IV 
is reasonably satisfactory and gives a g; value of 
0.107 78(11). This value lies between Hund's case (a) and 
case (b) values, 36 0.0952 and 0.1714, respectively. The as
signment of the resonance in the u spectrum to the M ,= 
-3 ! +-- -2 ! transition implies that there will be two other 
l!J.M,= + 1 resonances at lower field than the observed line 
(see Table IV). These were not observed but they are calcu
lated to be much weaker (relative intensities of 2 and 6 com
pared with 42 for the assigned transition). Clearly, more 
work with lower frequency laser lines is required to measure 
this rotational transition accurately. The other observation 
that was not included in the global fit was made with the 
513.0 µ,m laser line (vL =584.3882 GHz). A single reso-

nance was detected in 7T polarization at 1688.5 mT; a 
frequency-pulling experiment showed that the tuning rate, 
av/ aB2 , is positive. The extrapolated zero-field frequency of 
the higher frequency lambda-doublet (-+--+) of the R(I !) 
transition in the il= 1 /2 spin component is 569.6 GHz. How
ever, this estimated frequency has a large uncertainty, maybe 
as much as 30 GHz, because the term values of this spin 
component show marked perturbations.30 While it is there
fore possible that the observed resonance is associated with 
the R 11/ I!) transition, much more work is needed to confirm 
this speculation. 

IV. DISCUSSION 

Eight pure rotational trans1t1ons in three spin compo
nents of the FeD radical in the v=O level of the X 4Li state 

TABLE IV. Details of the LMR spectrum of FeD recorded with the 392.1 µ.m laser line. 

Ill Bz Vi- Veale av/8Bz 
n }'+-}" Parity M;..-M; (GHz) (mT) (MHz) (MHz/mT) 

3/2 3f ..-2t ++--- -2 f ..--2t 764.6426 1375.oo• -9.7 5.87 

-1f..--2t 1088.8b 7.22 

-f..--If 1540.6b 5.21 

-3f ..--2t 1834.403 5.2 4.61 

•observed resonance. 
bCalculated resonance using 110=757.094 GHz, g;=0.10778, g;=0.2543, c;=o.004, c'[=0.00314, and 
c;=-0.824 X 10-4. 
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TABLE V. Transition frequencies of.pure rotational transitions of FeD in the 
v = 0 level of the X 4 A state. 

Transition frequency (GHz) 

n J Parity Present work Previous work (Ref. 30) 

7/2 4f<--3f +<--- 808.815 12'(35)" 808.360b 

-<--+ 808.822 12(35) 808.360b 

sf ..._4f -<--+ 991.590 86(57) 991.444b 

+<--- 991.614 20(57) 991.444b 

6f <--Sf +<--- 1175.812 79(76) 1175.966b 

- <-- + 1175.875 75(76) 1175.966b 

5/2 3i<--2i -+-+ 714.922 15(43) 714.473b.c 

+ +- - 715.101 26(45) 714.473b.c 

4f<--3t +<--- 917.613 62(70) 918.084b 

-+-+ 918.124 59(70) 918.084b 

5f<--4f -+-+ 1119.283 01(91) 1118.795 

+ <-- - 1120.401 22(100) 1118.316 

3/2 2f<--if + <-- - 537 .005 32(51) 536.586c 

-<--+ 541.291 37(50) 540.524c 

"The figures in parentheses are the I standard deviation estimate of the 
experimental uncertainty, in units of the last quoted decimal place. 
~ambda doubling not resolved in the optical spectrum (Ref. 30). 
"Transition frequency obtained by extrapolation of the optical term values 
from higher J values. 

have been detected by far-infrared LMR spectroscopy. For 
all but one of these transitions, both lambda-doublet compo
nents have been observed. The data have been fitted in a 
single set by constraining spin-orbit and the base l~mbda
doubling intervals to values estimated from other sources 
using the phenomenological model given in Eq. (2). The pa
rameters determined in this fit {the term value, g,factor, and 
two second-order Zeeman parameters for each level in
volved) are given in Table III. 

The zero-field rotational frequencies of FeD obtained 
from this fit are given in Table V, together with those ob
tained from the previous optical study of Balfour et al. ;30 for 
optical term values with J less than 31, it was necessary to 
extrapolate the mean of the term values and superimpose 
lambda-doubling intervals using Eqs. (3)-(5). It can be seen 
that the present measurements provide an improvement by a 
factor of about 103 in accuracy; the optical term values have 
uncertainties of between 0.02 and 0.03 cm- 1 (that is, be
tween 0.6 and 0.9 GHz). 

In the earlier study of the far-infrared spectrum of FeH 
by LMR, 10 it proved possible to detect fine-structure transi
tions between the three lowest spin components as well as 
the pure rotational transitions. These observations at shorter 
wavelengths provided accurate measurements of both the 
fine-structure and the lambda-doubling intervals for FeH. 
The search for these transitions was greatly aided by a prior 
knowledge on the fine structure intervals, provided by the 
analysis of the F 41'.i-X 4A optical spectrum of FeH (Ref. 8) 
in which transitions with AO= ± 1 were observed in addition 
to the dominant Av=O transitions. Unfortunately, such "for
bidden" transitions were not identified in the study of the 
F-X transition of FeD.30 Some searches for the fine-structure 
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TABLE VI. Molecular parameters for FeH and FeD in the v =0 level of the 
X4A state. 

Parameter 
(cm- 1) FeH FeH (Ref. 37) FeD 

A -98.3603(827)3 -116.860(524) -98.3603 

h 16.1372(619) 10.645(693) 16.1372 

T/ -0.3573(776) - 0.3573 
y -6.0703(399) -3.2087 
B 6.4997(140) 6.509 07(330) 3.4357b 

D 0.193( 175) X 10-3 0.23245(833) X 10-3 0.849 X 10-4b 

ho 0.2781(219) X 10-1 0. l47 X 10- 1 

"The numbers in parentheses are I standard deviation in the least-squares 
fits, in units of the last quoted decimal place. 
bya1ue determined by Balfour et al. (Ref. 30). 

transitions of the FeD radical were made by LMR with laser 
lines in the 50-60 µm region but no identifiable signals 
were observed. To aid such work in the future and to provide 
a connection between the term values for the different spin 
components in the present work, we have made a best esti
mate of the fine-structure intervals of FeD from those already 
known for FeH. The term values determined for FeH by 
Phillips et al. 8 up to 1=81 {actually the mean of the two 
lambda doublets) were fitted to the effective Hamiltonian for 
a molecule in a 4A state;35 the results are given in Table VI. 
Three fine structure parameters A, A, and 1J are required to 
model the three different spin-orbit splittings of FeH in its 
ground state. Using a fairly simple model with seven param
eters, it proved possible to fit the term values with a standard 
deviation of 0.345 cm- 1• This figure cannot be regarded as 
satisfactory since it is about 20 times larger than the experi
mental uncertainty in the measurement; furthermore, the pa
rameters determined are heavily correlated. The parameter 
values can be compared with those reported by Dulick et 
al. 37 in a similar fit of the term values (see also Table VI). 
The large difference in the values determined for the fine 
structure parameters arises because Dulick et al. did not use 
the 4A effective Hamiltonian to determine them. The fine
structure intervals for FeD were determined from those of 
FeH by assuming that A, A, and 1J are independent of the 
reduced mass µ, while B, A, and Av are proportional to µ- 1• 

The parameters used for the FeD calculation are also given in 
Table VI. The values for B and D were taken from the work 
of Balfour et al.,30 while the values for A and Av were scaled 
in the ratio of the rotational constants. The resultant fine
structure intervals for FeD are 

E(J = 21,0 = 512,+)-E(J = 31,0 = 7/2,-) = 149.51 cm-1
, 

E(J = 11,0 = 3/2,- )-E(J = 2!,0 = 5/2,+) = 199.88 cm-1
• 

These values were used to connect the experimental term 
values for the different spin components, as described in Sec. 
III C. Since the energy levels of FeH and FeD are obviously 
perturbed, such estimates of the fine-structure intervals are 
unlikely to be very reliable, maybe no better than ± 10 cm-1• 

The experimental lambda-doubling intervals for the ro
tational levels studied in this work are given in Table VII. As 
explained earlier, the first interval for each spin component 



Jackson et al. 

TABLE VII. Lambda-doubling intervals for FeD in the v=O level of the 
X"!i. state. 

~vn • (MHz) 

n J Expt. Calc.b 

7/2 3! 
2 1.009 1.009 

4! 
2 8.01 8.07 

5! 
2 31.35 36.32 

6! 
2 94.31 121.08 

5/2 2! 
2 35.77 35.77 

3! 
2 214.88 214.61 

4! 
2 725.84 745.76 

5! 
2 1844.06 2003.01 

3/2 1! 
2 1428.66 1428.66 

2! 
2 5715.07 5714.64 

'!i.v0 is defined as (Er£,). 
l>rhe calculated value is obtained using Eqs. (3), (4), or (5). 

was estimated from the formulas given in Eqs. (3)-(5) and 
constrained to these values in the least-squares fit. The cal
culated values for the lambda-doubling intervals for the 
higher J levels are also given in Table VIL The agreement 
with the experimental values is reasonably good, justifying 
the use of the procedure. The deviations between the experi
mental and theoretical numbers increase with J and are ex
plicable as the effects of centrifugal distortion. 

The Zeeman parameters determined for FeD are given in 
Table VIII, together with the corresponding values for FeH. 10 

The g1 values for a molecule in a pure 4.:i state in Hund's 
case (a) and case (b) limits36 are also given in Table VIII. It 

TABLE VIII. Zeeman parameters for FeH and FeD in the X4
~ state 

g, 

J Parity FeD FeH Case (a) Case (b) 

3! 
2 1.202 032 1.248 023 1.1111 1.2381 

+ 1.202 006 1.247 946 1.1111 1.2381 
4! 

2 + 0.839 160 0.902 844 0.7071 0.8889 

0.839 152 0.902 630 0.7071 0.8889 
51 

2 0.641 633 0.711 096 0.4895 0.6909 

+ 0.641611 0.710 532 0.4895 0.6909 
6! 

2 + 0.521 160 0.591 091 0.3590 0.5641 

0.521 105 0.590 154 0.3590 0.5641 

21 
2 + 1.035 865 1.132 507 0.8571 1.1619 

1.035 838 1.131 387 0.8571 1.1619 
3! 

2 
0.601 066 0.686 094 0.4762 0.7302 

+ 0.600738 0.682 869 0.4762 0.7302 
4! 

2 + 0.404 190 0.485 076 0.3030 0.5091 

0.403 365 0.478 637 0.3030 0.5091 
5! 

2 + 0.299069 0.377 72 0.2098 0.3814 

0.297 643 0.367 862 0.2098 0.3814 

1! 
2 0.649 106 0.793 974 0.4000 0.9333 

+ 0.642 343 0.772 144 0.4000 0.9333 
2! 

2 + 0.265 852 0.344 630 0.1714 0.3810 

0.254 296 0.311 283 0.1714 0.3810 
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can be seen that the g1 factors for FeD are consistently 
smaller than those for FeH, reflecting the fact that FeD is 
closer to Hund's case (a) limit. The second-order Zeeman 
parameters c1 and c2 are expected to be inversely propor
tional to the rotational constant B. This expectation has been 
used to estimate the base values for c 1 (for the lowest J value 
for each spin component), as described in Sec. III C. The 
ratios of the values for c, and C2 for the FeD and FeH values 
are also given in Table VIII. The ratios of the c1 values for 
the levels with J ~ a are close to the inverse ratio of the B 
values, justifying the original assumption. However, the ra
tios for the c2 values vary widely. It is not clear why this is 
so but, quite possibly, it reflects local perturbations of the 
levels. 

The present work adds considerably to the accurate da
tabase on the FeD (and FeH) radical. Despite this, much 
further work remains to be done. The additional work on the 
pure rotational spectrum in the fl=3/2 and 1/2 spin compo
nents required has been mentioned earlier in the paper. There 
is also a great need to detect fine-structure transitions in FeD 
since the spin-orbit splittings are not known for this isotopo
logue. We have attempted to estimate these splittings for the 
X 4 Li state using the effective Hamiltonian to model them. 
However, it is known that the ground state levels are strongly 
perturbed and the model is unlikely to be reliable. In these 
circumstances, experimental measurement provides the most 
reliable way to determine them. 
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103c 1 (GHz-1) l04c2 (GHz- 1) 

FeD FeH Ratio FeD FeH Ratio 

0.0 0.0000 1.622 0.9899 1.639 

0.0 0.0076 1.641 0.9791 1.676 

1.9572 0.9841 1.989 -0.0313 0.0984 -0.318 

1.9562 0.9725 2.012 -0.0224 0.1037 -0.216 

2.5091 1.2537 2.001 -0.1652 -0.0070 23.21 

2.5074 1.2287 2.041 -0.1580 0.0033 -47.88 

2.6723 1.3205 2.024 -0.1194 -0.0087 13.72 

2.6714 1.2936 2.065 -0.1168 -0.002 58.4 

0 .7681 0.4122 1.863 1.8382 1.336 1.375 

0.7606 0.4082 1.863 1.7695 1.363 1.298 

2.6796 1.5418 1.738 -0.5057 --0.2212 2.286 

2.6643 1.5007 1.775 -0.5267 --0.1823 2.889 

3.0240 1.7713 1.707 -0.3944 --0.2041 1.932 

2.9934 1.6416 1.823 -0.3948 --0.1377 2.867 
I 

3.0892 1.8329 1.695 -0.2450 --0.1361 1.800 

3.0363 1.6129 1.883 -0.2346 --0.0569 4.123 

2.451 1.262 1.942 1.2349 1.160 1.065 

2.193 1.1295 1.942 1.0966 1.441 0.761 

3.4640 2.078 1.667 -0.8830 --0.736 1.200 

3.1409 1.8003 1.745 -0.8241 --0.391 2.108 
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