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Laser spectroscopy of LaS: Hyperfine structure
in the B2?X*-Xx?3* (0,0) band
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The (0,0) band of theB 23 "—-X 23" transition of LaS near 726 nm has been studied at high
resolution using laser vaporization/reaction supersonic free jet expansion and laser induced
fluorescence spectroscopy. Spectra taken at a resolution of about 50 MHz show resolved hyperfine
structure which is caused principally by the unpaired &lectron in the ground state interacting

with large magnetic moment of ti&égLa nucleus with nuclear spin=7/2. TheX 2%, " state of LaS

is in good Hund’s caseébgs) coupling, however, the upper sta?> ", is close to casebg;)
coupling. A total of 1850 rotational-hyperfine transition lines have been assigned and measured.
Accurate rotational, spin and hyperfine parameters forBR& * and X 23" states have been
obtained, which give information about the electron distribution in the molecule.20@2
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I. INTRODUCTION determined experimentally forZ * provide information on
Diatomic t i tal sulfid lecul ‘ the probability density of finding the electron at the nucleus,
latomic transition metal sulfides are molecules o as-< #?(0)), and the angular dependence of atomic wave func-

trophysical inferest. Amongst these sulfides, JRefs. 1, 2 tion averaged over the electronic space coordinates
and ZrS(Refs. 3, 4 have been identified in S-type Mira (3 cod 0-—%)/r3> P ’
| av-

\{ariable star§. Despite this importgnce, a recent. review ar- In this paper, we report the study of RS * —X 23, *
ticle by Harrisol shows that the diatomic transition metal
sulfides could still be ranked among the least studied di
atomic transition metal systems. Our laboratory has bee
performing high resolution laser spectroscopic studies o

these sulfides which include TfS,VS,* and Crs.*" It is squares fit of the hyperfine transition line positions yielded a
hoped that the data we offer could encourage astrono_mers_ %mprehensive set of rotational, spin, and hyperfine param-
search for the presence of more transition metal sulfl_des Biers for both theB 25" and X 23" states. The magnetic
the .atmosphere of cool stars. Lanthangm su_lfﬁUaS) IS hyperfine parameters obtained are interpreted, which yielded
obviously one of the moIecuIe; that fal!s into this categ@ry. jnformation about the occupation of molecular orbitals giv-
The spectrum of LaS was first studied by Marcano anc{ng rise to the states studied in this molecule
Barrow!® the B?S"—X 23" transition was photographed '
and partial rotational analysis was performed. Wirdtehl 1*
recorded the Fourier transforRT) spectrum of LaS in the IIl. EXPERIMENTAL DETAIL
region 1800-16000 cnt, and reported the vibrational A laser vaporization/reaction supersonic free jet-laser in-
analysis of both theA2[I-X23" and theB?S"-X?3*  duced fluorescencéLIF) experimental apparatus similar to
systems. Recently, Anderssehal'® obtained higher resolu- the one used in this experiment has been discussed in our
tion FT spectrum and performed rotational analysis of bothearlier publication§:*® The only different between the earlier
the AII-X?2", B2X*-X?2" and a newA?lI-A"?A  version and this one is the use of a vacuum system that
transition, and reported vibrational and rotational constantgonsists of a source chamber and a detection chamber sepa-
for X?2%, B?2", All, and A’ °A states. However, de- rated ly a 3 mmdiam skimmer. Each chamber was pumped
tailed analysis of the hyperfine structure of tB€S "~ by a 600 I/s turbo molecular pump. A laser pulse of 532 nm
X237 transition has never been performed. and 10 mJ from a Nd:YAG laser was synchronized and ap-
The large magnetic hyperfine structure in the LaS molpropriately delayed, and focused onto a lanthanum metal rod
ecule is caused by the interaction of the unpaired €lec-  to produce metal vapor. LaS was produced, in the source
tron with the magnetic moment of thg®.a. This magnetic chamber, by reacting laser ablated La atoms from the lantha-
hyperfine structure gives useful information about the bondnum rod with a mixture of 4% CSin argon released by a
ing in the molecule because hyperfine parameters are relatgdiised valve. A molecular beam of LaS was obtained in the
to expectation values of the coordinates of the electron neafetection chamber by skimming the output from the super-
the spinning nuclei®*® The Frosch and Foley parametérs sonic laser ablation/reaction source. The pulsed valve—
Nd:YAG system was operated at a repetition rate of 10 Hz

aAuthor to whom correspondence should be addressed. Electronic maifNd the backing pressure of the pU|5_ed valve was 5.5 atm.
hrsccsc@hku.hk; Fax852) 2857 1586; Tel.(852) 2859 2155. The background pressures measured in the source and detec-

(0,0 band of LaS using the technique of laser vaporization/
reaction supersonic free jet expansion and laser induced fluo-
Pescence spectroscopy. The magnetic hyperfine structure
Laused by thé3%a nucleus1=7/2) is well resolved. Least-
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FIG. 2. High resolution spectrum of the;4,(0) and P,4(1) lines of the
B 23 *-X23"* band of LaS at 13 766 cnt showing the resolved hyperfine
components.
X22+
G=4
N G=3
Ry Ry Ry Ry, P Py P Py sists of 8 branches, which are labeled according to the struc-

ture displayed in Fig. 1. A separation of 0.47 chbetween
the heads oR,; and R,,4, and alsoR;3 and Ry, is easily
noticed in the recorded spectrum, which arises from the hy-
tion chambers were about-410~° and 2x<10°® Torr, re- perfine splitting in theX 23" state that conforms to the case
spectively, when the system was in operation. (bgs) coupling” with large Fermi contact interaction.

LaS molecules were excited by laser radiation, at right N @ pure Hund's casgb) coupling scheme of &t
angles to the expansion axis about 5 cm downstream fromtate, the electron spid is not coupled to any vector and
the skimmer, from a tunable Ti:sapphire ring laser Ioumped)rec_ess_freely; pracUcaIIy there will always be a small spin-
by an argon ion laser. Laser induced fluorescence signaf@tation interaction, described by the operafdd-S. When a
were collected at right angles to the plane made by the ex?ucleus with nonzerd is present, there will be magnetic
pansion and excitation axes by means of a lens system afyperfine |_nteract|on between the nuclear and eleptron spins.
detected by a Hamamatsu R636-10 super red photomultipliek"€ resulting energy level pattern depends on which of these
tube. The signals were pre-amplified before feeding into a_{wo interactions |s.the Ia.rger.. When the unpaired electron is
fast digital oscilloscope for averaging. Since these signald? @ molecular orbital which is essentially formed from an s
were recorded using a signal-averaging technique, we hagfomic orbital, the Fermi contact interactid, |-S, couples
examined the effect of various scanning speeds and eventfl® S to | more strongly than the spin-rotation interaction
ally settled at a rate of 0.2 cr/8 min scan. The width of CcouplesSto N, the coupling scheme is caglgss) with
the molecular transition lines of LaS was measured to be
about 45—-50 MHz, depending on the backing pressure at the

pulsed valve and the background pressure in the detectiofhe intermediate quantum numiis that for the total spin,
chamber. The wavelength of the Ti:sapphire laser output Waghich is electron spin plus nuclear spifiThe X 23 * state of

measured by a wave meter at a rate of 1 Hz and an accuragys is in casdbge) coupling.t3%.a has a spin=7/2, which
of 1 part in 10. The absolute accuracy of the wave meter iSyeans that the rotational levels of S * are split into

about £0.001 c¢cm -, which was calibrated using iodine G_3 gndGg=4 groups. Each group consists of, at the most,

H 20
lines™ Hundreds of scans were made and connected 0511 hyperfine components. The observed splitting be-
gether by a computer program using the wavemeter readinggyeen theG=3 andG=4 groups is about 0.47 cm, which

implies the Fermi contact parameterXis * state of LaS is
I1l. RESULTS AND DISCUSSION quite large. TheX 23 state of LUO(Refs. 21, 22and CoC
A. Hyperfine structure in the B 23* and X23* states (Refs. 23,. 291 is also in casébgs) coupling Wlth a IargeG '
et e N group splitting. The fully developed hyperfine manifold in
The (0,0 band of theB “X " —X“%™ transition of LaS  case(hy,) with G=3 andG=4 components are, respectively,
has been recorded with a resolution of about 50 MHzuith 7 and 9 hyperfine components.
(0.0017 cm*). The main features of the LIF spectrum are  |n the case of the hyperfine interaction is small when
the four heads at 13770.3, 13769.8, 13768.4, and 13 767 &mpare to the spin-rotation coupling, a reasonable choice of

cm* corresponding to the heads of the f®ys, Ros, Riz,  basis set is given by the caéiey;) coupling scheme,
and R,, branches, respectively. Due to hyperfine and spin

splitting in theX 23" and theB 23" states, this band con- N+S=J; J+I=F. (2)

FIG. 1. Labeling of the branches in ti#e?3 *—X?3 " transition of LaS.

S+1=G; N+G=F. (eN]
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FIG. 3. High resolution spectrum of the,5(0) and P,4(1) lines of the
B 23 T—X 23" band of LaS at 13 767 cnt showing the resolved hyperfine
components.

The excitedB 23" state conforms to this coupling scheme,
because theB?S " has large spin-rotation interaction but
very small magnetic hyperfine interaction. The spin rotation
interaction gives rise to spin splitting &f,andF, groups for
the 2> " state. However, in casipg;) coupling, both of the
F, andF, groups gives at the most 2 1 hyperfine compo-
nents. In LaS, sincé=7/2 the hyperfine components for
eachF group are 8.

Figures 2 and 3 show the first lines of tieand P
branches. ThAF=-1, 0, and+1 transitions are respec-
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FIG. 5. Hyperfine energy levels of the 23" state,v=0 level of LaS

plotted against the rotational quantum numbein case(bg;) coupling.
Levels are calculated from the molecular constants given in Table II.
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FIG. 4. Hyperfine energy levels of thé23* state,v=0 level of LaS
plotted against the rotational quantum numbé&showing the uncoupling
from case(bg,) toward casdbg;). Levels are calculated from the molecular

constants given in Table

N

tively labeled withp(F), q(F), andr(F). Using these labels,
the R14(0) transition has thep(4), q(4), andr(4) hyperfine
lines. Similarly for P15(1) and Ry4(1) lines, the hyperfine
lines are clearly resolved and assigned. The hyperfine energy
levels for the ground state are given in Fig. 4. Even though
the spin splitting is larg€0.47 cm 1), the ground state spin-
rotation constanty, is quite smal(—0.000 775 3 crn?). The
hyperfine level pattern of th&=3 and 4 groups basically
depends on the size of theparameter. The folding back of
the smallest component of th&s=3 and 4 groups at lower
rotational quantum numbeét is due primarily to the fact that
vis small and negative. Since the spin-rotation interaction is
N dependent, the spin angular momentum ofXi& * state

is progressively uncoupled from the nuclear spin under high
rotation to become caség;) coupling. For LaS, we notice
that the spin uncoupling processes proceed very slowly, it is
far from being completed even at the highéktalues ob-
served. Figure 5 shows the energy level pattern for the ex-
citedB 23" state. Because of no sizable Fermi contact inter-
action, theB 23" rotational levels are essentially split into
theF, andF, spin components. The separation betwEgn
andF, components i&N dependent. The hyperfine level pat-
tern of F; andF, group of levels depends on mainly the size
of the upper staté andc parameter. The spin-rotation con-
stant of the upper state is 0.096 479 8 ¢mwhich is about
124 times larger than the ground state. It is important to note
the spread of the hyperfine energy levels and the ordering of
the hyperfine components in ti@ groups in casgbgs) and

the F groups in casébg;). At relatively largeN values, the
G=3 and 4 groups have a spread of energy about 0.2'cm
the G=3 group has the highebtcomponent with the highest
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netic hyperfine terms have been taken according to Frosch
and Foley’s definitiort® where the true Fermi contact param-
18 11 eter,bg, is given bybg=b+c/3. The Hamiltonian matrix
elements in the cagdgs) coupling scheme expressed in ten-
sor and algebraic forms are given in Barresal,? which
include diagonal and off-diagonal elements in quantum num-
ber N and G. A computer program was written using the
Fortran language to construct the Hamiltonian matrix from
these matrix elements to calculate hyperfine energy levels for
both theX 22" andB 23" states. An additional subroutine
was written and used to identify tHe, and F, labeling of
theB 23" state in the casghg;) coupling.
T . T . A total of 1850 transition lines was identified and mea-
13762.5 13762.6 sured, a list of the wave numbers of tBé3*—X 23+ (0,0)
Wavenumber band of LaS measured in this work is available from
FIG. 6. High resolution spectrum of thi& 5, P14, P,3, andP,, branches of EPAPS?® Table | summarizes hyperfine transition lines of all
theB ?S "X 2" band of LaS showing resolved hyperfine components. the eight branches that were used in the least squares fit. Due
to heavy overlap and the nature of the hyperfine transitions
described earlier, only a few lines of th® ; branch were
resolved even at our resolution. A data set consisting of 1140
Fesolved hyperfine lines were fitted simultaneously. In the
initial stage only the higheN lines were included, but in the
end the whole data set with up to 39 were used. Rotational
constants reported by Anderssenal® were found to be
useful as initial constants to assist our least squares fit. The
final molecular constants and those from earlier Woere
%oth listed in Table II. The rotational and hyperfine constants
for both theB 23 * and theX 23" states are well determined.
The weighted root-mean-squares erf@MS) of our final fit
was 0.00079 cm'. For the rotational centrifugal distortion
constantd, our fitted values are larger than those of Ander-
ssonet all® With the same data set, we have tried to restrict
the D constant to the value of Anderssai all® for the
X 23" state but the RMS error jumped up to over 0.0011
cm ! and thee?Qq, parameter was found to be undeter-
mined. We also noticed that thigvalues of both the ground
The effective molecular Hamiltonian for & state and excited states are slightly higher than those of Andersson

P(F")

9 16 P (13}

q(F") [T p(Fy
13 15

energy, but th&=4 group is reversed the highdstcompo-
nent with the lowest energy. Such pattern can be found in th
upper state even at loiN values, wheré-, is similar toG=3
andF, is similar toG=4. This situation gives rise to wider
hyperfine width in the transition lines of th&,, R4, P23,
and R,3 branches and narrower hyperfine width of g,
Ri3, P24, and Ry, branches. Figure 6 displays the foRr
branches of LaS showing that the wider lines belong to th
P.4 and P,5; and the narrower lines are for thg; and Py,
branches. Even though tH&2%"-X23* (0,00 band was
rotationally analyzed by Andersset al,*® the FT spectrum
was recorded at 2500 K and essentially only higNdines
were identified. Under our experimental conditions, LaS
molecules produced were cold and only relatively ldlv
lines were recorded in our spectrum.

B. Determination of spectroscopic parameters

with hyperfine interaction is given by et al® Our data set consists of mainly loM/lines, which is
definitely more comfortable with the slightly larger values of
— 2_ 4 . . .
H=BN"-DN"+yN-S+ bl -S+cl.S, D constants in both states.
+eTX(Q)-TA(VE), ()
whereB andD are the rotational constant and its centrifugaIC' Interpretation of hyperfine parameters
distortion, y is the spin-rotation constar,is the Fermi con- The large size of the Fermi contact parameters for the

tact parameter, and is the dipolar interaction, and the last ground state reflects the occupation of geemolecular or-
term is the nuclear electric quadrupole coupling. The magbital, which is appropriate and consistent thatX# * state

TABLE I. Summary of hyperfine transition lines used in the least squares fit.

No. of lines  No. of lines  Ground state Ground state Unweighted-RMS Weighted-RMS

with AF=AN  with AF#AN lowestN highestN (cm™Y) (cm™Y)
Ry 103 4 0 18 0.000 69 0.000 62
Ros 127 15 4 30 0.000 56 0.000 51
R4 174 10 0 39 0.000 80 0.000 79
Ri3 53 1 0 22 0.000 81 0.00072
Poy 127 0 2 21 0.000 82 0.000 81
Py 201 8 2 37 0.000 88 0.000 88
Py 173 35 1 31 0.00092 0.000 90
Pi3 83 26 1 23 0.000 82 0.000 80

Total 1140 0.000 81 0.000 79
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TABLE II. Rotational and hyperfine constants for the=0 level of theB 3" and X 23" states of LaSin

cm H2
X 22 + B 22 +

This work Ref. 15 This work Ref. 15
To 0 0 13 766.789 3412 13766.786 51
B 0.117 015 614) 0.116 976 0.111 073(%4) 0.111 032
10’ D 0.51111) 0.3077 0.54810 0.326 3
y —0.000 775 80 —0.096 479 8398) —0.096 455
b 0.117 02637) 0.117 97 0.006 8180
[« 0.004 76293 0.006 8421)
e’Qqp —0.001 1169 —0.005 85%67)

&/alues given in parentheses are one standard error in least significant figures quoted.

arises from the electronic configuration #8*(170)*. The Mo |3 1 4
170 orbital is mainly of the character of thes6.*® The true =(4th) EggNMBMN(Z_S) E. (8cosH—1)(r%), (D
br parameter can be calculated from the meastred c
constants, and
be=b+¢/3=0.118613 cm?, (4) e’Q
e’Qq >=—( )2 3cogd;, — 1)(r 3. (8)
It is evident that the hyperfine paramet&rare ex- { ° 4mehc) 5 < A

tremely sensitive to the nature of the electronic state an
provide a direct measure of the quality of availabkeinitio
calculations. A common method of interpreting these param
eters is to use a free atom comparison method to compare t
determined parameters witib initio results from atom&®
Strictly speaking, thég parameter has contributions from all |170) = Cgg|Labso) + Csq4|Labdo) + C3p|S3pa),  (9)

unpaired electrons, which is indicated by the summation ir][h c ficient is the | i fficient in th .
the following expressioR? e Cg, coefficient is the largest coefficient in the expression

and theCsy and C3,, coefficients are much smaller. For the
Mo |\ 87 1 ) X 23" state, since the unpaired electron occupies thers
F=\ 27he) 3 99NKBAN| 55 EI (4(0)). (5 pital, the angular dependen¢8 co26— 1), for both ¢ and
e?Qq, is zero?’ The theoretical value for the ande?Qq,
However, the dominant contribution to thie parameter is parameters should be zero, however, the small nonzero value
from the 6o electron with an expectation vale”(0))es-  of these two parameters may arise from the polarization of
The nuclear magnetic moment of La is 2.7832 nucleakthe core and also with contribution from an electronic con-

‘fior the magnetic hyperfine dipolar term in K@), the sum-
mation is over only the unpaired electrons, while for the
electric quadrupole term in Eg8), all valence electrons are
included. Since the X orbital can be written as

magnetof® and the expectation valyg/*(0))es from ab ini-  figuration that contains unpairedi electror?®
tio calculatior” is 5.492 a.u., The 18 orbital consists of the same atomic orbitals as in
87 2.7832 Eq. (9), but theCsq4 coefficient is the largest. For thg23, "
be= 0.003 186 2&?><W><5.492 state, the angular dependené8,cog 6—1)4,, for the do
electron is €).' The radial expectation value ~*)s for the
=0.11656 cm?. (6)  5d electron is tabulated in Morton and Prestdiwith the

This value is in excellent agreement with our experimental\éazlgi féftgloemgu\fvlsirb?;f?%ﬂeetzzgm eaTJeoffm;Zﬁ dLeaZl(;l tom s
determination, which indicates the hyperfine interaction infc;r the B2S * s,tate as follows: Yo
the X2 " state is dominated by contribution from the La ’

atom. TheB 23" state arises from the electronic configura- 2.783 4

tion (87)*(180)1, where the 18 orbital is an antibonding c= 0.003186 2% 5 x Wﬁ X| 7| x3.127

orbital formed mainly from the &o orbital of the lanthanum

atom and the Bo orbital of the sulfur atom. The value of the =0.00679 cm?, (10
br parameter of th® 23 * state should be zero if there is no

so character in the 18 orbital. The small value dbg could (€%Qq,) = —0.007 837 60.22x f’ X 3.127

come from spin polarization of the &8ntibonding electron 7

parallel to the spin of the unpaired lanthanum electron in the — _0.00308 cml. (11)

region near the La nucled$.
As discussed by Frosch and Foféghe magnetic hyper- The agreement between the theoretical and the experi-
fine dipolar constant and electric quadrupole parameter mental dipolar constant for the B23* state is excellent,
e’Qqu can be compared in similar fashion to the atomicwhich is consistent with the expectation that ther 8bital
values. Using their expressiofts, is dominated by contribution fromdw orbital of the La
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