
High-Resolution Spectroscopy and Ab Initio Calculations on HfCl
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The emission spectrum of HfCl has been investigated in the 3000–18 500 cm21 region at high resolution using a Fourier
transform spectrometer. The bands were excited in a microwave discharge through a flowing mixture of HfCl4 and helium.
Two bands near 17 140 and 17 490 cm21 were also measured in absorption using laser excitation spectroscopy. In this instance
the molecules were created by laser ablation in a molecular beam apparatus. The observed bands have been classified into
electronic transitions,[7.6]4D 3/ 2–X2D 3/ 2 and [17.1]2D 3/ 2–X2D 3/ 2 involving a common lower state. A rotational analysis of the
0–0 and 1–1 bands of[7.6]4D 3/ 2–X2D 3/ 2 and 0–0, 1–1, and 1–0 bands of the[17.1]2D 3/ 2–X2D 3/ 2 transitions has been carried
out and the equilibrium spectroscopic constants have been determined. The ground state principal molecular constants areBe 5
0.1097404(54) cm21, a e 5 0.0004101(54) cm21, andr e 5 2.290532(57) Å.Ab initio calculations have been performed
on HfCl and spectroscopic properties of the low-lying electronic states have been predicted. The ground state is predicted
be a regular2D state arising from the valence electron configuration, 1s22s23s21p41d1. On the basis of ourab initio
calculations, we assign the observed transitions as[7.6]4D 3/ 2–X2D 3/ 2 and [17.1]2D 3/ 2–X2D 3/ 2. © 2000 Academic Press

INTRODUCTION (33) and HfI (34, 35) have also been reported, but hi
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Because of the relatively large cosmic abundance of tr
tion metal elements in stars, transition metal-containing m
cules are of astrophysical importance. Several transition m
containing molecules such as oxides (1–7) and hydrides (8–12)

ave been identified in the spectra of cool S- and M-type
nd in sunspots. So far no transition metal halides have

dentified in stellar spectra, although some metal halides
aCl, KCl, AlCl, and AlF have been observed in the atm
phere of the carbon star IRC110216 by millimeter-wav
stronomers (13, 14). This strengthens the possibility th

ransition metal chloride and fluoride molecules also migh
ound. High-qualityab initio calculations are now possible
transition metal systems and these predictions should be
pared with experiments. For these reasons, there has b
renewed interest in the spectroscopy of transition metal ha
(15–24). In the IV B transition metal family, the electron
pectra of TiF (25), TiCl (26–28), and ZrCl (29, 30) have bee
tudied very recently at high resolution.
The electronic spectrum of HfCl was first observed in 1

y Kabankovaet al. (31) in absorption. This work was fo
owed by another study by Moskvitinaet al. (32), who con-
rmed and extended the previous observations and als
ained a rotational analysis of a few bands in the visible reg
n this work the technique of intracavity laser spectroscopy
pplied and the absorption spectra were recorded in the
00 nm region at 0.1 nm/mm dispersion using a grating s

rograph. Although no spin splitting orV-doubling was ob
erved, the observed bands were assigned to a1

2–
1
2 transition

quivalent to a2S–2P1/2 transition in Hund’s case (a) notatio
Among other hafnium-containing halides the spectra of H
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state is in question. In the present paper we report on
investigation of HfCl in the 3000–18 500 cm21 region using
Fourier transform spectrometer and by laser excitation s
troscopy. The observed bands have been assigned t
electronic transitions,[7.6]4D 3/ 2–X2D 3/ 2 (6500–7700 cm21)
and [17.1]2D 3/ 2–X2D 3/ 2 (16 000–17 500 cm21), having a com
mon lower state. The near-infrared transition of HfCl has b
observed for the first time.Ab initio calculations have also be
performed and spectroscopic properties of the low-lying e
tronic states have been calculated. Our electronic assign
for the observed transitions are supported by these calcula
A rotational analysis of the 0–0 and 1–1 bands of
[7.6]4D 3/ 2–X2D 3/ 2 and 0–0, 1–1, and 1–0 bands of
[17.1]2D 3/ 2–X2D 3/ 2 transitions has been obtained. The res
of our experimental and theoretical studies of HfCl are repo
in this paper.

EXPERIMENTAL

1. Fourier Transform Spectroscopy

The HfCl molecules were excited in a microwave disch
through a flowing mixture of about 30 mTorr of HfCl4 vapor

nd 3 Torr of He. The discharge tube was made of quartz
ad an outer diameter of 12 mm. The HfCl4 powder was place

in a small bulb, which was heated continuously in orde
maintain a constant pressure of HfCl4 vapor in the discharg
tube. The HfCl bands appeared strongly when the disch
had an intense blue–white color. The emission from the
charge tube passed directly through the 8-mm entrance



ture of the 1-m Fourier transform spectrometer of the National
Solar Observatory at Kitt Peak. The spectra in the 1800–9000
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low-lying states in the doublet and quartet manifolds (eight
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117HfCl ELECTRONIC STATES

0 by
cm21 interval were recorded using liquid-nitrogen-cooled I
detectors, Si filters, and a CaF2 beam splitter. A total of 2
scans were co-added in about 4 h of integration at a resolutio
of 0.02 cm21. The 9000–18 500 cm21 range was recorded wi
Si photodiode detectors, a red pass filter (3–68), and a v
beam splitter. In this case two scans were co-added in 20
of integration.

The spectral line positions were determined using a
reduction program called PC-DECOMP developed b
Brault. The peak positions were determined by fitting a V
lineshape function to each line. The infrared spectra
calibrated using the wavenumbers of the vibration–rota
lines of the 1–0 band of HCl (36), which appeared in emissi
in the same spectrum. The visible spectra were calibrated
the lines measured by the laser excitation experiment.
molecular lines of HfCl have a typical width of 0.035 cm21 and

ppear with a maximum signal-to-noise ratio of 8:1 so tha
est line positions are expected to be accurate to about60.003

cm21.

2. Laser Excitation Spectroscopy

The apparatus used to create the HfCl molecules in
molecular beam work has been described in detail previo
(21, 37); however, some details pertinent to this work will
given. A hafnium target in the form of a slowly rotating a
translating rod was ablated by about 3 mJ of 355 nm radi
from a Nd:YAG laser. At the same time, a gas mixture of a
3% CHCl3 seeded in helium was passed from a pulsed m-
ular beam valve into the ablation region. Vaporized hafn
was entrained by the gas mixture and then expanded thro
short expansion channel into a vacuum chamber, produc
molecular beam. HfCl molecules formed through reactio
the hot Hf atoms with the CHCl3 and through condensati
during the expansion process. About 5 cm downstream
the nozzle orifice, the molecules were probed with a Coh
699-29 Autoscan cw ring dye laser. Laser-induced fluo
cence was collected orthogonally to both the molecular b
and the probe laser and imaged on a 0.25-m monochrom
Light passing through the monochromator was detected
cooled photomultiplier. The signal was amplified, integra
and sent to the computer controlling the Autoscan laser sy
R6G laser dye was used to record spectra for the 0–0 an
bands near 17 140 and 17 490 cm21, respectively. Typica
linewidths were about 180 MHz where the limitation w
residual Doppler broadening in the molecular beam. The
quencies of the line positions were measured using the A
scan system, which has a specified absolute frequency
racy of 6200 MHz and a precision of660 MHz.

AB INITIO CALCULATIONS

The electronic structure of HfCl has been investigated
means of large-scaleab initio calculations performed on t
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revious work on transition metal nitrides RuN (38), IrN (39),
nd OsN (40) has been adopted here. We refer to these p

or more computational details and for an estimate of
ccuracy of the calculated spectroscopic properties, typ
ithin 0.05 Å for the equilibrium internuclear distances, wit
0 cm21 for harmonic vibrational frequencies, and within 20

cm21 for the term energy values. The 60 core electrons o
have been described by a quasi-relativistic pseudopot
(41) and the remaining electrons by the corresponding va

ouble-zeta (DZ) basis set (41), augmented by a single Gau
an f function with an exponent of 0.8. By analogy, the Cl a
as represented by a 10-electron quasi-relativistic pseu

ential (42) and the corresponding DZ valence basis set42)
olarized by a single 3d Gaussian primitive with an expone
f 0.75. State-averaged full-valence CASSCF calculations43)
ere used to optimize the 4s, 2p, and 1d valence orbital

correlating with the 5d and 6s orbitals of hafnium and with th
3s and 3p orbitals of chlorine. These orbitals were then use
internally contracted multireference configuration interac
calculations (CMRCI) (44), in which all valence electrons we
correlated. The CMRCI energies were corrected for Da
son’s contribution (45) for unlinked four-particle clusters. A
calculations were performed with the MOLPRO package46)
running on the Cray J916 computer and Compaq-Digital A
Servers of the ULB/VUB computer center.

The size of the CASSCF wavefunctions ranged betw
5000 and 7000 configuration state functions, while CM
wavefunctions ranged between 530 000 and 670 000
functions (forC2v symmetry), depending on the space and
symmetries.

ELECTRONIC STRUCTURE OF HfCl FROM
AB INITIO CALCULATIONS

The potential energy curves of 12 electronic states have
calculated in order to get a complete picture of the val
electronic structure of HfCl below 20 000 cm21. These curve
calculated at the CMRCI level of theory at 12 internuc
distances ranging between 2.0 and 2.75 Å, are shown in
1–3. The energy scale used in these figures is relative t
minimum energy of the ground electronic state. The rela
energies between the different electronic states are better
trated in Fig. 4, where one observes three clusters of s
marked I, II, and III. Cluster I groups the three lowest dou
states below 4000 cm21 states (see Fig. 1); cluster II groups
four lowest quartet states between 7000 and 9000 cm21 (see
Fig. 3), and cluster III groups five close-lying doublet st
between 16 500 and 18 000 cm21 (see Fig. 2). This clusterin
can be interpreted by analysis of the CMRCI wavefunct
summarized in Tables 1 and 2, and from the orbital en
diagram of Fig. 5.

Figure 5 has been obtained from full-valence CASSCF
culations performed on the ground states of HfCl (X2D) and of
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118 RAM ET AL.

0 by
its dissociation products Hf (3F) and Cl (2P). The energies
this figure are given in electonvolts and are relative to ths
orbital of HfCl. One observes a large energy difference
tween the valence orbitals of Cl and those of Hf, which res
in an electronic structure in HfCl that is essentially ionic.
analysis of the CASSCF wavefunction shows indeed tha
bitals 1s, 2s, and 1p are mainly located on chlorine and

FIG. 1. The doublet potential energy curves of HfCl below 4000 c21

(cluster I in Fig. 4), from CMRCI calculations.

FIG. 2. The doublet potential energy curves of HfCl in the range 16 5
18 000 cm21 (cluster III in Fig. 4), from CMRCI calculations.

Copyright © 200
-
ts

r-

remaining orbitals on hafnium. The dotted lines in the fig
give qualitative information on these LCAO mixings. Let
note an important stabilization of the 2s orbital with respect t
the 3p orbital of Cl, due to a small bonding contribution fro
the 5s orbital of Hf located 49 eV lower than 1s. The ionic
character can be quantified from the gross Mulliken pop
tions on atoms which predict an Hf10.55 Cl20.55 structure for th

–

FIG. 3. The quartet potential energy curves of HfCl (cluster II in Fig.
from CMRCI calculations.

FIG. 4. Relative energies within the doublet and quartet spin system
HfCl, from CMRCI calculations. The three clusters of levels, labelled to
III, are detailed in Figs. 1–3. The arrows indicate the two electronic trans
analyzed in this work, as assigned from theab initio calculations.
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TABLE 1
Electronic Configurations Describing the Low-Lying Electronic States of HfCl
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ground state. More precisely the 11 valence electron ch
are distributed over the Hf/Cl atomic orbitals in the follow
way: 1.62/2.00, 0.31/5.53, and 1.52/0.02, respectively, ons, p,
andd orbitals.

The electronic structure of HfCl can be interpreted in term
10 configurations listed in Table 1, which are the configura
having a weight greater than 2% in the corresponding CM
wavefunctions, as detailed in Table 2. The configuration we
are calculated as the squares of the corresponding CI coeffi
Configurations are labeled from (A) to (J) in Table 1. Config
tion (A) 1s22s21p43s21d1 is the ground configuration, leading

(see T

TABLE 2
Analysis of the CMRCI Wavefunctions of HfCl

in Terms of Electronic Configurations

Copyright © 200
es
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I
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a groundX2D state. Table 1 also gives the electronic states ar
from each configuration and the corresponding electron pr
tion with respect to the ground configuration.

The first set of configurations (A) to (C) are the lead
configurations for the states of cluster I. They are characte
by a single electron in the 1d, 2p, and 4s orbitals. Thes
orbitals are close in energy (within 2 eV), as can be seen in
5, and this explains the low term values for the 12P and 12S1

states. Note that the relative energy order for these two s
is not correctly predicted by the one electron picture of Fi

The second set of configurations corresponds to a single

le 2)

FIG. 5. The molecular orbital correlation diagram for HfCl, fro
CASSCF calculations performed on the ground states of all species.
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motion from the 3s orbital to the 1d, 2p, and 4s orbitals, and
therefore larger orbital excitation energies (about 6 eV) than in the
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case of cluster I. The states arising from these configuration
Table 1) split into a set of quartets (around 8000 cm21) and a se
of doublet states (around 17 000 cm21), corresponding, respe-
tively, to clusters II and III. Cluster III contains most of t
doublet states arising from configurations (D), (E), and (F),
the 22P and 12F (D), 12G, 12S2 and 12S1 (E), and 22D (F) states

he 32P, 22F, and 32D states lie above 18 000 cm21 and have no
been investigated in this work. The 22S1 state, indicated wit
dotted lines in Fig. 4, has been calculated at a single geo
(R5 2.45 Å), close to the equilibrium position of most electro
states of HfCl. The relative energy of this state is thus
tentative; the calculatedTe value is 18 490 cm21.

All the quartet states arising from (D), (E), and (F), i.e.,
14D, 14S2, 14P, and 14F, are significantly stabilized (abo
10 000 cm21) with respect to the corresponding doublet sta
They form cluster II.

The third set of configurations (G) to (K) are second
configurations of the states belonging to the three clus
They have weights ranging between 2 and 14%.

The above analysis thus explains the clustering observed i
4, in particular the very large gap (about 15 000 cm21) between
both doublet clusters. This analysis also helps in understa
why the ground state of HfCl is a2D state, and not a4F state like
in the case of the isovalent TiCl molecule (26–28).

OBSERVATION AND ANALYSIS

The HfCl bands observed in the 3000–18 500 cm21 region
fall into two groups, one in the 6500–7700 cm21 region and th
other in the 16 000–17 500 cm21 region, and belong to tw
ransitions with their 0–0 bands near 7634 and 17 040 c21,
respectively. The 0–0 bands are the most intense in the
systems. A rotational analysis of the two 0–0 bands indic
that they have a common lower state. Following the resu
our ab initio calculations, we have assigned these two sys
as [7.6]4D 3/ 2–X2D 3/ 2 and [17.1]2D 3/ 2–X2D 3/ 2, where the
lower state is the ground state of HfCl. For the FT spectra
rotational lines in 0–0 and 1–1 bands of the two transit
were sorted into branches using a color Loomis–Wood
gram running on a PC computer. We have determined
molecular constants only for the most abundant180Hf35Cl iso-
topomer (180Hf and 35Cl have natural abundances of 35
76%, respectively). Some weak lines of the180Hf37Cl isoto-
pomer have also been observed, at least in the strong ban
the data were not sufficient for an independent rotational
ysis. The lines involving the less abundant174Hf (0.2%), 176Hf
(5.2%), 177Hf (18.6%), 178Hf (27.3%), and179Hf (13.6%) iso-
topes did not usually provide a measurable isotope splittin
we simply assigned the lines to the main180Hf isotope.

1. The [7.6]4D3/2–X2D3/2 Transition

The HfCl bands in the 6500–7700 cm21 region have bee
assigned to the[7.6]4D 3/ 2–X2D 3/ 2 transition. This transitio
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has been observed for the first time. The 0–1, 0–0, and
bandheads of this transition are located near 7258.9, 763
7609 cm21 with the 0–0 band being the most intense. The
band is less than 10% of the intensity of the 0–0 band a
overlapped by strong atomic lines. This band was not sui
for rotational analysis. Rotational analysis of only the 0–0
1–1 bands was carried out. The rotational structure of t
bands consists of only two branches, oneR and oneP, con-
istent with aDV 5 0 assignment. Ourab initio calculation
ndicates that there are no doublet states in this energy r
hich could result in aDV 5 0 transition. Instead, a4D state

has been predicted near 8800 cm21. This state has four sp
components withV 5 1

2,
3
2,

5
2, and7

2. The2D ground state of HfC
is a regular state with a large spin–orbit splitting of theV 5 5

2

and3
2 spin components. In such a case our observed tran

can tentatively be assigned as a3
2–

3
2 subband of the4D–X2D

ransition. A very weak band has been observed at 67
m21, which could be a 0–0 band of the5

2–
5
2 subband. No othe

bands associated with this transition have been observed
spectra. An expanded portion of the 0–0 band of
[7.6]4D 3/ 2–X2D 3/ 2 transition is presented in Fig. 6where theR
andP branches near theR head have been marked.

2. The [17.1]2D3/2–X2D3/2 Transition

The bands belonging to the[17.1]2D 3/ 2–X2D 3/ 2 transition
were previously observed by Kabankovaet al. (31) and
Moskvitinaet al.(32). Our spectrum consists ofDv 5 0 andDv
5 61 sequences of this transition with the 0–1, 0–0, and
R heads at 16 764.7, 17 142.1, and 17 493.7 cm21. TheDv 5
0 sequence is the most intense. The 1–1, 2–2, and 3–3
heads of this sequence are located near 17 115.9, 17 089
17 062.2 cm21, respectively. All of these bandheads were-
viously identified by Moskvitinaet al. (32). In the FT spectra
he rotational structure of only the 0–0 and 1–1 bands of
ransition was found suitable for a rotational analysis, altho
he 1–1 band is much weaker than the 0–0 band. The
ands are very weak in intensity and only their bandh
ositions could be measured with sufficient precision. A

ion of the FT spectrum of the 0–0 sequence is present
ig. 7, whereR heads of the 0–0 and 1–1 bands have b

FIG. 6. An expanded portion of the[7.6]4D 3/ 2–X2D 3/ 2 0–0 band of HfC
ear theR head.
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121HfCl ELECTRONIC STATES
marked. The rotational structure of the 0–0 and 1–1 b
consists of two branches, oneR and oneP, again consisten
with a DV 5 0 transition. This transition has been assigne
a 2D 3/ 2–X2D 3/ 2 subband of the[17.1]2D–X2D transition with
the help of ourab initio calculations. In addition to these ban
there are two very weak heads in the same general region
their R heads near 16 896.4 and 16 858.5 cm21. These band
are possibly the 0–0 and 1–1 bands of the2D 5/ 2–X2D 5/ 2

subband. These new bands were not observed in the abso
spectra of Kabankovaet al. (31) and Moskvitinaet al. (32).

The 0–0 and 1–0 bands of this system of HfCl were
ecorded in the molecular beam experiments. TheR- and
-branch lines were readily assigned but theQ lines, which
ere extremely weak in the spectrum, were not assigned
fter a fit of theR andP lines was accomplished. The firstR
ndP lines were seen confirming the assignment of this
ition asV9 5 3

2–V0 5 3
2. Each band consisted of the resol

lines of at least four isotopomers of HfCl:180Hf35Cl, 178Hf35Cl,

FIG. 7. A compressed portion of the[17.1]2D 3/ 2–X2D 3/ 2 transition o
fCl with the R heads of the 0–0, 1–1, and 2–2 bands marked with arr

FIG. 8. A portion of the laser excitation spectrum of the 1–0 band n

Copyright © 200
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were weaker and obscured by their stronger counterpar
portion of theR-head region of the 1–0 band from 17 492
17 494 cm21 is shown in Fig. 8.The R lines of the180Hf35Cl
isotopomer are indicated. For clarity, only theR lines near th
head for the178Hf35Cl isotopomer are indicated.

The rotational assignments in the different bands of the
transitions were assured by comparing combination differe
for the common vibrational levels and the constants w
determined by fitting the observed lines to the following sim
term energy expression,

Fv~ J! 5 Tv 1 Bv J~ J 1 1! 2 Dv @ J~ J 1 1!# 2. [1]

The rotational assignments were very difficult in the
spectra because of severe blending in theR head and th
addition of the laser excitation data overcame this prob
The rotational lines were weighted according to resolution
extent of blending. The observed line positions for
[7.6]4D 3/ 2–X2D 3/ 2 and [17.1]2D 3/ 2–X2D 3/ 2 transitions o
180Hf35Cl isotopomer are provided in Table 3,while those o
178Hf35Cl isotopomer are provided in Table 4.The molecula
constants for the180Hf35Cl and 178Hf35Cl isotopomers are pr-
ided in Tables 5 and 6, respectively.

DISCUSSION

In our recent studies of TiF (25), TiCl (26), and ZrCl (29),
e concluded that the ground states are4F states. Our assig-
ents were supported byab initio calculations by Harrison o
iF (47), and by Boldyrev and Simons (48) on TiCl. Focsaet

s.

r theR head.R lines of 180Hf35Cl and 178Hf35Cl isotopomers have been marked
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TABLE 3
Observed Line Positions (in cm21) of 180Hf35Cl

122 RAM ET AL.
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al. carried out ligand field calculations on TiCl (49) and ZrC
(50). We have also observed the doublet–doublet transi
for TiCl (27) and ZrCl (30). Very recently Sakaiet al. (51)

ave suggested on the basis of high-qualityab initio calcula-

Note.O-C are observed minus calculated w
by “a” were observed in the laser excitation

Copyright © 200
ns
ions that the ground state of ZrCl is in fact a2D state. We hav
recently carried out our ownab initio calculations and som

ew absorption measurements that are in agreement wit
rediction (52). A reinterpretation of the doublet states of T

numbers in the units of 1023 cm21 and lines marked
ctra.
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TABLE 3—Continued

123HfCl ELECTRONIC STATES

0 by
and ZrCl is also necessary (52). A more complete discussion
he experimental and predictedab initio ordering of the elec
ronic states in TiCl, ZrCl, and HfCl will be published se
ately (52).

In contrast to the results obtained for TiCl (26–28), our ab

Copyright © 200
initio calculations predict a2D ground state for HfCl with th
rst quartet state being a4F state at about 8257 cm21 above the

2D ground state. For ZrCl the4F and2D states have almost t
same energy with the2D state a few hundred reciprocal ce-

eters lower (51, 52).
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The regular2D ground state of HfCl has a large spin–o
splitting so that bands involving the excitedX2D 5/ 2 spin com-

onent would tend to be weak in our spectra. TheX2D 5/ 2–
X2D 3/ 2 interval could not be determined from our spectra
group of bands with a very smallB value (,0.05 cm21) have
been observed in the 4400–4450 cm21 region. The experimen-

Copyright © 200
al and chemical evidence suggests that these bands a
ertainly involve the Hf atom. These bands are probably d
fCl 2.
As discussed in our papers on TiF (47) and TiCl (26, 27),

their low-lying electronic states correlate to the states of T1 as
do the electronic states of TiH (53). A similar correspondenc
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is expected for HfCl, HfH, and Hf1 states. The ground sta
term of Hf1 is a2D from the 6s25d1 configuration with a
ow-lying a4F (;6000 cm21) state from the 6s15d2 configu-
ation (54). The 2D term is split intoX2D, 12P, and 12S1

states (group I) by the Cl2 ligand field. The ordering of the
states is consistent with the effects of the Cl2 anion on the 5d

Copyright © 200
lectron. Occupation of the 5dd orbital keeps thed electron
away from the ligand and lowers the energy. Thea4F state
gives rise to the4F, 4D, 4P, and 4S2 states of group II. Th
a2D anda4F states are the low-lying terms for Hf1 (54). The
group III states seem to correlate with the2G term from the
same 6s15d2 configuration of Hf1 which lies at;17 500 cm21.
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It is interesting to compare the present results for HfCl
those available for the isoelectronic HfH (55). Both of these
molecules have a regular2D ground state. In the HfH case, tw
3
2–

3
2 transitions (at 14 495 and 19 147 cm21) showed substanti
-doubling in the excited states more consistent with

omponents of2P states. The excited states of both HfH
fCl evidently have case (c) tendencies and are not

epresented by Hund’s case (a) labels.

Copyright © 200
h

in

ll

The constants of Table 5 have been used to determin
quilibrium rotational constants for the observed state

180Hf35Cl (Table 7). The equilibrium constants ofBe 5
0.1097404(54) cm21, ae 5 0.0004101(54) cm21 have been ob-
tained for theX2D3/2 ground state, while the values ofBe 5
0.105651(54) cm21, ae 5 0.0004068(67) cm21, and Be 5
0.1066838(53) cm21, ae 5 0.0005043(63) cm21 have been dete-
mined for [7.6]4D3/2 and [17.1]2D3/2 excited states, respective
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TABLE 4
Observed Line Positions (in cm21) of 178Hf35Cl

127HfCl ELECTRONIC STATES

0 by
The equilibrium constants provide the bond lengths
2.290532(57), 2.334437(60), and 2.323113(58) Å for theX2D3/2,
7.6]4D3/2, and [17.1]2D3/2 states, respectively. The ground s

Note.O-C are observed minus calculated wav
were observed in the laser excitation spectra.

Copyright © 200
fequilibrium bond length can be compared with the bond lengt
2.2647 Å for theX4F ground state of TiCl (26), 2.3852 Å for the
4F state of ZrCl (29), and 2.33 Å for HfCl4 (56).

mbers in the units of 1023 cm21 and lines marked by “a”

Academic Press
enu



–0
64
89
m
er

3
in

t ,
a lo
b th
[ ac

1–

1

m
l of

RCI
y are

fol-
lear

on
he

pond-

TABLE 4—Continued

LE

3/2

128 RAM ET AL.
The observedR head positions of 0–1, 1–2, 2–3, 3–4, 0
1–1, 2–2, 3–3, 1–0, 2–1, 3–2, and 4–3 bands at 16 7
16 740.6, 16 716.1, 16 665.7, 17 142.1, 17 115.9, 17 0
17 062.2, 17 493.7, 17 464.8, 17 435.7, and 17 406.1 c21,
respectively, have been used in the usual vibrational en
expression to determine the vibrational constants ofv e 5
379.85 cm21, v exe 5 1.13 cm21 for the X2D 3/ 2 and v e 5

53.85 cm21, v exe 5 1.23 cm21 for the [17.1]2D3/2 state (with
Te 5 17 154.10 cm21). These vibrational constants are
general agreement with those of Moskvitinaet al. (32). Note
hat the rotational constants of Moskvitinaet al. (32), however
re clearly in error because they predict unreasonably
ond lengths. The equilibrium vibrational constants for

7.6]4D3/2 state of HfCl could not be determined due to a l
of vibrational bands. The rotational analysis of the 0–0,

TAB
Spectroscopic Constants (in cm21) for the X2D

Copyright © 200
,
.7,
.2,

gy

ng
e
k
1,

and 1–0 bands of the[17.1]2D 3/ 2–X2D 3/ 2 and 0–0 and 1–
bands of the[7.6]4D 3/ 2–X2D 3/ 2 transitions provide theDG9(1

2)
values of 350.3616(25) and 351.85319(86) cm21 for the
[17.1]2D3/2 and [7.6]2D3/2 excited states, respectively. The co-
bined fit provides the ground state vibrational interva
DG0(1

2) 5 377.9694(21) cm21.
The spectroscopic properties calculated from the CM

potential energy curves are given in Table 8, where the
also compared to the available experimental values. The
lowing properties are reported: the equilibrium internuc
distanceRe, the harmonic frequencies at equilibriumv e, and
the term energiesT0, corrected for the zero-point energy c-
tribution calculated within the harmonic approximation. T
calculated values are in good agreement with the corres
ing experimental values derived in this work: within 4% forRe

5
, [7.6]4D3/2, and [17.1]2D3/2 States of 180Hf35Cl
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TABLE 8
Spectroscopic Properties of the Low-Lying Electronic States

TABLE 6
Spectroscopic Constants (in cm21) for the X2D3/2

129HfCl ELECTRONIC STATES

0 by
(0.09 Å), within 8% (30 cm21) for v e and within 5% (800
cm21) for theT0 values. A similar agreement was observed
the two latter properties in the case of diatomic transition m
nitrides calculated at the same level of theory (37–39). The
agreement was, however, better (within 0.04 Å) for the e
librium internuclear distances. We attribute this differenc
the singly polarized basis set used for the chlorine atom. I
indeed shown (56–57) that adding a second 3d polarization

rbital on third row atoms resulted in a significant lowering
he Re values, while this effect was negligible in the case
econd row atoms. Ourab initio calculations thus support t

following assignment for the two observed transitions: 14D–
X2D and 22D–X2D (see the arrows in Fig. 4).

CONCLUSION

The emission spectrum of HfCl has been observed at
resolution using a Fourier transform spectrometer and l
induced fluorescence in a molecular beam. The bands obs
in the 6500–7700 and 16 000–17 500 cm21 regions have bee
assigned as[7.6]4D 3/ 2–X2D 3/ 2 and [17.1]2D 3/ 2–X2D 3/ 2 transi-
tions. A rotational analysis of the 0–0 and 1–1 bands o
two transitions and the 1–0 band of the[17.1]2D 3/ 2–X2D 3/ 2

transition has been obtained and the molecular constants
been determined. The lowest2D state has been assigned as
ground state of HfCl consistent with ourab initio calculations
The ground state of HfCl (X2D 3/ 2) has a bond length

TABLE 7
Equilibrium Constants for the X2D3/2, [7.6]4D3/2,

and [17.1]2D3/2 States of 180Hf35Cl

and [17.1]2D3/2 States of 178Hf35Cl

Copyright © 200
r
al

i-
o
as

f
f

h
r-

ved

e

ave
e

2.290532(57) Å to be compared 2.2647 Å for TiCl (X4F) and
2.3852 Å for ZrCl (4F).
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