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Microwave rotational spectra have been measured fer BaF and BaCl. Precise Dunham coefficients Y. and spin—rotation
parameters ;7. are derived from this first rotational analysis for the BaCl molecule. Hyperfine structure has been measured
for the isotopes 37Bal9F and 137B435Cl in which coupling of two nuclei has to be considered. Matrix elements for calcula-
tion of energy levels and relative intensities are given in the text. The measured hfs coupling constants are: 5 ( 137g3y =
2301(9) MHz, ¢(*37Ba) = 75(6) MHz, ¢qQ(*7Ba) = —117(12) MHz, and 6 (**F) = 60(6) MHz. A comparison between
these first gas phase measurements of metal his coupling constants in group II monohalides with previous matrix ESR data
and hfs splitting factors A and B in the free Ba* fon yields information about polarization of closed Ba shells and 6s-6p-3d
hybridization of the unpaired electron due to the field of the F~ ion.

1. Introduction

Spectra of earth alkaline monochalides have been in-
vestigated by varicus spectroscopic techniques during
the recent years. These investigations have provided
for the first time detailed and precise information on
23 radicals in many rotaticnal and vibrational states.
Complementary information is obtained by the differ-
ent experimental techniques. Vibrational and rotation-
al constants have been measured by laser-induced flu-
orescence and excitation spectra {1—5]. Even spin-
doubling, formerly referred to as p-doubling, and hy-
perfine splittings have been resolved in the optical re-
gion by Doppler-free methods like intermodulated flu-
orescence [6,7]; saturation spectroscopy [8] and op-
tical polarization spectroscopy [9] in some cases. The
accuracy of molecular parameters determined from
optical spectra usually suffers from correlations be-
tween upper state—lower state constants [10]. These
correlations can be broken nearly completely if rota-
tional spectra in the electronic ground state have been
measured independently [10,11]. Such measurements
have been made by microwave—optical double reso-
nance (MODR) [12—14] and microwave absorption
spectroscopy [15—17]. Even finer details like vibra-
tional and rotational dependence of spin-doubling and

0301-0104/82/0000—-0000/8 G2.75 © 1982 North-Holland

hyperfine constants have been studied by molecular
beam radio frequency—optical double resonance
(MBDR) [18-21].

Hyperfine structure from the halogen atom is present
in alt molecules of this group and has been measured
for the Ca-halides and for SrF by optical and MBDR
techniques [7,18—21]. Like previous matrix ESR ex-
periments [22], these results confimm that the chemical
bond in the earth alkaline monohalides is highly ionic.
From this reason the hfs splitting in the pure rotational
spectrum is very small and has not been resolved yet by
MODR or microwave spectroscopy. However, it has
been demonstrated that effects of unresolved hyper-
fine structure have to be considered in the interpreta-
tion of microwave spectra even if no inhomogeneous
line broadening is observed, since systematic line shifts
may occur {16]. Very recently it has become possible
to observe rotational transitionsV=1<«0and N=2
< 1 with well-resolved hyperfine structure for CaCl
with the new technique of microwave—optical polar-
ization spectroscopy (MOPS) [9,23].

The direct investigation of charge and spin density
distribution in the metal atom of these molecules by
measuring the metal hyperfine structure is largely im-
peded by the fact that only a few isotopes with rela-
tively small natural abundance have a non-zero spin



39¢ Ch. Ryzlewicz et al [Rorational spectra of BaF and BaCl

and that the spin quantum number in most of these
cases is rather high. So only ESR matrix spectra have
been reported for 87SrF and 137BaF in which isotopical-
Iy enriched samples have been used [22]. These meas-
urements resulted in the expected large Fermi contact
interaction for the unpaired electron but also showed
a relatively high anisotropy in the magnetic interaction
indicating that the unpaired outer orbital electron is
highly hybridized due to the field of the nearby F~
ion. The experiments described here for the isotopic
species 137BalSF and 137Ba35C! provide the first gas-
phase measurements of these magnetic coupling con-
stants. In addition they give the quadrupole coupling
constant of 137Ba in these molecules. Because of the
highly ionic bond the electric field gradient at the
137Ba nucleus is due to 2 single unpaired vaience shell
electron and polarization of the closed electronic shells,
These two effects can be clearly separated since the
contribution of the unpaired electron to the eqQ value
can be calculated from the measured ¢ value when the
nuclear magnetic moment and the electric quadrupole
moment are known. The amount of 6p and 5d hybrid-
ization of the unpaired 6s valence electron can then

be calculated by a comparison with experimentally de-
termined hyperfine coupling constants in the 28, 2P,
and 2D states of the 137Ba* jon [24].

Hyperfine structure for the halogen nucleus was
partly resolved in the 137BaF spectrum and had to be
considered also in the interpretation of the !37BaCl
spectrum. It was therefore necessary to include mag-
netic and electric coupling of both nuclei in the
hamiltonian. Since to our best knowledge no matrix
elements for this case have been published yet these
have been calculated and are given in section 3.

2. Experimental

In view of the relatively larze amount of substance
nceded for microwave spectroscopy of high-tempera-
ture species all experiments had to be done with sam-
ples of natural isotopic abundance. Although 137Ba
with spin f = 3/2 and a natural abundance of 11.3% is
a favourable case for hyperfine structure measurements
among group 11a halides, sensitivity is the most crucial
point in these experiments. This is true because the
concentration which can be obtained in the absorption
cell for these chemically unstable species is about a fac-

tor of 100 less than for chemically stable molecules,
e.g. Ba0 [15]. Measurements are thus restricted to the
mm range where absorption coefficients are large.
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around 100 GHz and 280 GHz where some Varian
klystrons and 2 Thomson CSF backwarc wave oscillator
were available. A simplified block diagram of the spec-
trometer is shown in fig. 1. Stable phase locking of the
300 GHz BWO to the 1 GHz output of the frequency
standard requires two phase lock loops with a second
BWO locked at an intermediate frequency of ~30GHz.
For the measurement of single lines the 300 GHz BWO
can be swept electronically over a range of a few MHz
by sweepino the reference frequency of the synchro-
nizer. Ldrgc ut:qucm.y intervals can be scanned Dy tumng
the frequency standard. In both cases frequency
markers can be displayed along with the measured
spectrum which is not shown in fig. 1.

Molecules are produced in a free space absorption
cell in a low-pressure flame [15]. Ba metal evaporated
from a small crucible and entrained in a stream of ar-
gon buffer gas is mixed at room temperature with IF;
or Cl, to produce BaF or BaCl, respectively, in an exo-
thermic reaction. The total cell pressure is ~0.05 Torr.
Although the pressure of the oxidizing gas is rather
critical this production scheme has proved to be very
convenient for these molecules and stable conditions
can be maintained for hours.

The free space absorption cell consists of commer-
ciaily available glass pipes of 15 cm diameter. The total
length of the cell is 100 cm. Production of the mole-
cules can be monitored by looking at the chemilumines-
cence with a small monochromator. Microwave radia-
tion is fed through the cell by horns and lenses. The
detector is a helium-cooled commercial IR detector
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Fig. 1. Block diagram of the 300 GHz spectrometer.
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(Advanced Kinetics, Inc.). The In—-Sb photoconductive
crystal has a fast response time which is essential for
the application of saturation effect modulation [25].
Using this technique for separation of the signal from
the mw background, signal output of the detector is
at 5.05 MHz and 4.95 MHz with fixed phase relations
between these two frequencies. In a first lock-in with
a reference frequency of 5 MHz this signal is converted
to 50 kHz which is further amplified in a second lock-
inn. Signal averaging can be used for the detection of
weak lines. However, useful integration times are lim-
ited to only a few minutes since suppression of base-
line fluctuations by saturation modulation is not com-
plete.

The same spectrometer has been used for the 100
GHz measurements. The 300 GHz BWO was then re-
placed by a klystron.

3. Theory

The earth alkaline halides in their 2Z ground state
are good examples of Hund’s case b radicals. The ef-
fective hamiltonian for the analysis of the rotational
spectrum may be written as

A=BN?>+yN 8§+ Hypg,, 1)

where the first and second term describe the rotational
energy and the effective electron-spin rotation interac-
tion, respectively, and the third term summarizes all
effects in which nuclear spins are involved. Matrix cle-
ments are calculated in the representation -

{(NS)J I F I, F Mg). In this coupling, which corre-
sponds to Hund’s case by, [26] matrix elements of the
two first terms in (1) are diagonal in all quantum num-
bers (summarized by x)

(x|BN2|xy=BNWV +1),

x|yN+8|xy=%¥N, forJ =N +1;

=—ly@W+1), forJ=N-3. (@
ﬁhfs is given by the magnetic hyperfine structure
hamiltonian of Frosch and Foley [27] supplemented
by terms to include nuclear spin—rotation and electric
quadrupole interaction. For one coupling nucleus we
have

Hyg=bl>&+cl. 5, +CIN
+eqQ [32 — I( + D]JAI(2I - 1). 3)

Corresponding terms have to be added for the second
nucleus. For the evaluation of matrix elements it is
convenient to rewrite Hy g in terms of spherical tensor
operators so that standard operator techniques [28]
can be used in the calculations. Doing this we get the
matrix elements listed in table 1. For the analysis of
the complex spectra it is often useful or even necces-
sary to known accurate relative intensities of all com-
ponents of the ¥ + 1 < V transition. Matrix elements
of relative transition moments are therefore included
in table 1. The total transition strength of V+1 <N
transition has been normalized to 1 in these expressions.
For low-A transitions the first-order intensities given
directly by the square of these matrix elements are of-
ten not adequate. This is true since hyperfine splitting
can be of the same order of magnitude as the v split-
tings. Then the transition matrix must be transformed
by means of a similarity transformation fo the basis
which diagonalizes the hamiltonian. The correct rela-
tive intensities are given by the squares of the elements
of the transformed matrix.

The matrix elements in table 1 are written in terms
of (37)-, (67)-, and (95)-symbols. For one coupling nu-
cleus, elements in explicit form have been calculated
by Radford [29]. In this case the energy matrix can be
factorized into a set of 2 X 2 matrices if elements non-
diagonal in V can be neglected, and relatively simple
explicit expressions for the energy levels can be obtain-
ed. Using algebraic tables for the (317)-symbols [30] it
can easily be shown that the matrix elements given
here are in agreement with Radford’s results, except
an obvious misprint in Radford’s paper, which has al-
ready been pointed out by Bernath {7]. For two cou-
pling nuclei the energy submatrices become larger and
numerical matrix diagonalization has to be employed.
It then seems more convenient to use matrix elements
in the compact form provided by the (r/)-symbols and
to evaluate the numerical values of these symbols by
computer subroutines.

The molecular parameters in the effective hamiltonian
(1) are functions of the internuclear distance and there-
fore depend on the vibrational and rotational state. We
adopt here the notation of Childs et al. [18] who
write the dependence for an arbitrary molecular pa-
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Table 1

Matrix elements of ths and of relative transition moments in the basis {(VS) JI F, 1, FMg). The abbreviations (1@ I} =(O Q1O
= [@@+1) (20+INY2 and [P, 0,..., T]1 = (2P+1) (30 +1)...(2T+1) have been used throughout

Interaction Matrix slement

Fermi contact (b1+'l3'cl) (_1)1 11,1'1112 ASW Wl

with ¢ = N+§+J+T+I;+F +1

(b2 +5e2) GO FLFLL T Y2 asiaizn {g

with 1 = N+S+2J+I;+I3+2F}+F

dipolar
spin—-spin
with t = N+J+] +F;+1
10/3)12 ¢y (DI N, V', T
with =N +J+2F}+ 1 +I5+F
N
Nuclear epy CGDF LT IY2 AN D alm {J,;‘J f

spin—rotation
with s = N+S+2J'+1+F) +1

(cPa CDFIFL, FL LT Y2 N alam iy

witht = N+S+J+S'+11+[p+2F (+F

- F1F1]“2<x.su><umn(

JSNy (Fy T Iy

11,7 NN Fy

J SN, FiJ Iy, FF1is
&
VG MG AT

NN 2
A0/ 2 e (-t [:V,N',J.J’l”'-’(lISll)(llIlin(M V) {F S I’}{ss 1}8;11-,
T

00071 IJ

AN, FLT Iy FE L VN 2
- 1 1 142
000 ls Fll}{llel} §'§. i

Fy 7' Iy
1 111}51‘0 SEFy

F NS, FiJ Iy FFiL
s Fi1 }{112 Fl} NN

. a N 2N JN Sy Fy J T
trN 172 1 1 .
elect‘nc ‘ (er)l( ~1Y [N,NL LT (0 00)(—11 01‘) {rVJ 2}{2 IIJ}6F1F1
quadrupcle
witht =S+2J'+1+F;
t 24 4 172 J‘V‘ J NS F;J’ Il FF[I;
$eas O VLT PRIV G RS GYHe L RAEY RS
witht = S+J+J'+1;+I,+2F{+F
: . - . . NSy F1 T I F' Fi I,
relative DSy, 1y, Y2 [, T, FyF, FF ]2 {N-ll S ik F, 11}{}7 )
transition
moiments With? S N+5+J+T+[1 +F1+Fy+1, +F'+1

rameter X, 5 as a Dunham-type {31,32] double series

in powers cf v +-i_— and NV + 1):
X, = Z,: Xy 0 +3)INF W+ 1. @
I,/

When this expression is applied to the rotational con-
stant B, - the resulting B;;. are related to the usual

Dunham coefficients of the rotation—vibration energy
by

By =Yiks+1y- . ®

The X;; of different isotopic species differ because of
the different reduced masses and — for some of the
constants — because of different nuclear moments.
The ratio of the constants for two isotopes labeled by
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the superscripis 1'and 2 can be writtenas .
Xk /X =0 (ut [y~ Ar2m N2, ©)

where ! and p? stand for the reduced masses of the
twe isotopes. The quantity A is 2 if X, refers to B, v,
orcy,and 0if X », rtefers to the hyperfine parameters
b, e, or eqQ. The factor 8 is-unity for B and ¥, but
equals the ratio of the nuclear dipole moments for b,
¢, or ¢y, and of the quadrupole moments if X, 5 refers
to the quadrupole parameter egQ.

In previous papers [15,16] we have described the
spin—rotation parameter y by v., ¢, and 5_!. These are
related to the ;. defined by (4) as: ¥, = vq9; o, =703
67 =701-

4. Results
4.1. Hyperfine structure in 13782 5F

The microwave rotational spectrum of the most
abundant isoiope *®Ba'®F and a few transitions of
136Ba19F have been reported in a previous paper [15].
From these data the Dunham coefficients Y;; and the
7 constant of 137Ba19F can be calculated using rela-
tions (4)—(6). Taking these constants and the hyper-
fine structure parameters from the matrix ESR meas-

urements of Knight et al, [22] preliminary calculations -

of the spectrum can be made. Because of the strong
Fermi contact interaction between S and I, angular
momentum coupling in the molecule is niear to Hund’s
case bg for low rotational states and approaches case
bg; for high N values. For the transitions considered
here we have intermediate coupling and J is not a good
quantum number. Coupling of the fluorine nucleus is
weak so that F'; remains rather well defined and ener-
gy levels may be labeled by F, Fy and . By far the
strongest transitions and the only ones which can be
observed in the present experiment have selection rules
AF=AF; =AN=+1. The calculations show that all
hyperfine components will be located within a fre-
quency range of + «/2 around the position of the hy-
potheticai unsplit transition frequency N+ 1 « ¥, so
only this relatively small frequency range has to be
scanned with high sensitivity in searching for lines. The
transition is expected to consist of (25 + 1)}(21y, +1)
= 8 lines which are further split into doublets by the

~ interaction with the fluorine nucleus with Ip=1/2.1t

can be seen from table 2 that not all these lines have
been measured. For example, in the transition V=132
< 21 the second doublet with £y =21 < 20 near
284874 .6 MHz is missed. This is due to an accidental
overlap of signals produced by the saturation modula-
tion technique. Using this technique each absorption
line will appear twice in the spectrum [25] with a fre-
quency difference which is 10 MHz in our apparatus.
Thus the missed line will show overlap with the dou-
blets around 284884 .4 and 284864.6 MHz. Accidental
overlap is even worse for the V=8 <+ 7 transition. In
principle this can be avoided by using other modulation
frequencies in the saturation effect modulation
scheme. However, in our apparatus the frequency dis-
tance for the appearance of the two signals from one
transition can be reduced only to 9 MHz. This tumed
out to be not sufficient for a clear separation of all
lines.

The measured transition frequencies have been fitted
to the hamiltonian for two coupling nuclei in a non-lin-

Table 2
Transition frequencies N +1+~ N, Fy+ 1 <« F[,F+ 1+ Fof
13783 19F in the ground vibrational state v = 0

N F Fy CObs. Calc. Obs.
(MHz) (MHz) —cale.
(kHz)
7 55 5 103622.985
7 45 5 } 103622922 {103 623.051 —36
7 85 8 103639592 103639542 S0
7 75 8 103639.892  103639.866 26
7 55 6 103648221  103648.186 35
7 65 6 103648521  103648.512 9
7 75 8 . 103 687.242
7 g5 gl 10368732 {3000%s7 32
7 95 9 103 703.950
7 g5 gf 103703963 {j;35n39ss 4
21 195 16 284 829.079
21 185 19} 284829.132 {284 879.086 50
21 225 2 284 840.623
31 215 22} 28480730 Dogipins3n 3
21 215 21 284854732 284854775  —43
21 205 21 284855132  284855.196  —64
21 195 20 283864420 234864461 41
21 205 20 284864920  284865.040 120
21 205 21 284884.170 284884151 19
21 21.5 21 284884620 284884559 61
21 215 22 184898434 284898527  —93
21 225 22 284898814 284898723 91
21 235 23 284510.256
31 225 23 284910218 o gigne 4
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ear least-squares fit. Lines from unrasolved doublets
have been fitted to the theoretical doublet center. In
view of the large numbers of parameters which have
small and competing influence on transition frequen-
cies great care must be taken and none of the param-
aters should be neglected in the fit without studying
possible effects on the other constants. This is especial-
ly true since only two rotational transitions have been
measured. The rotational constant and the spin—rota-
tion constant -y have been included in the fit. The con-
sistency of these fitted values with those obtained via
mass relations from the 138BaF data may serve as an
additional test for the reliability of the fit. Results are
listed in table 3. The parameters are effective param-
eters for the ground vibrational state for which the fol-
lowing abbreviations have been used:

By=Yo +3 Yy +3 Y,
Dy=—(Yp2 +3 Y1)

- 1. oL1
Yo=Yo0 T TI0 " Te T2

5./ =701 (7)
The agreement between fitted values and those derived
from mass relations Is surprisingly good. Inclusion of
©5 and of the nuclear spin—rotation constant ¢; for the
Ba nucleus in the fit gave these constants with a more
than 100% error without any significant influence on
the other constants. Agreement between observed and
calculated frequencies in table 2 is also very good in
view of the very poor signal-to-noise ratio of all lines.
The hyperfine structure parameters given in table 3 may
therefore be considered as well determined.

Table 3
Molecular parameters for B7Bal®F

Fitted
parameters (MHz)

From 138 Ba¥F {15] and
mass relations 2) (MHz)

8o 6479.6773(32) 6479.6734(17)
Dy 0.005534(3) 0.005340(1)
Yo 81.025(220) 81.026(20)

5.y 0.000113(147) 0.000112(17)
b; 2301(9)

a 75(6)

(eqOn —117(12)

ba 60(6)

) Atomic masses from ref, [34].

4.2 Rotational spectrum and hyperfine structure
of BaCl

Na rotational analysis has been published for the
BaCl molecule yet. Extrapolations of rotational con-
stants from bond length in other molecules will usually
have an error of ~1%. This means that essentially no
useful prediction of the spectrum can be made in the
300 GHz range and large spectral ranges have to be
searched. Results for the isotopic species 138Ba33Cl,
1388237C], and 136Ba35Cl are listed in table 4, All hy-
perfine structure effects may be neglected in fitting
these lines. Magnetic nuclear moments of both chlorine
isotopes are more than a factor of 3 smaller than in
fluorine and electric quadrupole moments are alsa very
small [33]. Since chemical bonding in BaF and BaCl is
very much the same the magnetic coupling constants
can be estimated as b < 20 MHz, ¢y <5 MHz. Pre-
liminary calculations showed that no measurable line
shifts are to be expected from coupling constants of
this order of magnitude for the measured lines. The
measured transition frequencies for 138Ba35Cl have
thus been fitted with a linear least-squares fit program
to the Dunham parameters and the spin—rotation inter-
action constants. Since rather high / quantum numbers
are involved, the Dunham parameter ¥333 was included
but with its value kept fixed to the other constants ac-
cording to {33]:

Yo3 =2Y55 /Yo +5 Yy (= Y0 /Y )2, ®

The resulis of this fit are given in table 5. Using these
constants and mass relations the transition frequencies
of the 136Ba35C1 lines have been calculated. As can be
seen from table 4 the agreement is excellent. All devia-
tions between observed and calculated frequencies are
well within the estimated experimenial uncertainties
of 30 kHaz.

The situation is different for 138Ba37Cl. Here the
agreement was poor and Yp; = 2408.78762(21) MHz
from mass relations had to be changed to Yy
=2408.79172(43) MHz in order to obtain a good fit.
Similar deviations from mass relations have been report-
ed for StC1 [17] and CaCl [16] while no such effects
have been observed for bromine isotopic substitution
in CaBr [16] and for barium substitution in BaF [i5]
and in the BaCl measurements reported in this work.
As can be seen from table 6 half of the effect can be
explained by considering the highly ionic bond charac-
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Table 4 continued

Table 4
Transition frequencies N +1 « N, J+1 « J for the isotopic
species 38Ba35Ct, 138Ba37Cy, and P36Ba35C1 Isotope N J v Obs. Obs.
(MHz) ~calc.
Isotope N T v Obs. Obs. (kHz)
{MHz) ~calc.
(kHz) 56 55.35 2 285419.108 -4
56 56.5 2 283 468.543 13
138pa3scl 20 195 0 105456630 12 56 555 3 282280.308 7
20 20.5 0 105506.282 6 56 56.5 3 282329458 5
20 20.5 1 105085.705 -7 56 555 4 281 143.008 2
20 195 2 104616.590 9 56 565 4 281191.890 -4
20 205 2 104 665.685 -1 57 56.5 0 290689.690 =7
53 525 0 270728.238 11 57 57.5 i] 290739648 -9
33535 0 270778138 L 138Ra37¢1 21 205 0 105721405 -6
54 33.5 0 275720.420 7 -
= 21 21.5 0 105 768.943 83
54 54.5 0 275770.340 4
,, 21 205 1 105390.230 3
54 535 1 274618.778 2 -
21 215 1 105356.475 -28
54 54.5 1 274 668.440 6
56 5535 0 273428673 -2
54 535 2 273518.538 -9 < A
56 56.5 0 273476.408 -42
54 545 2 273567.93¢  ~10 2202 93
55 545 0 280711405 3 57565 0 278203.933 14
- 57 57.5 0 278251.738 32
55 555 0 280761.330 -7 .
< < 57 56.5 1 277116400 -2
55 545 1 279 589.695 -9 - -
55 < 37 57.5 1 277163948 -24
55.5 1 279639.390 16 pd
- 58 57.5 0 282978.010 4
55 54.5 2 278469.438 -3
- - 58 585 0 283025788 -18
55 555 2 278518.848 2 - -
58 575 1 281871700 -9
55 5§45 3 277 350.640 0 58 585 1 281919.335 44
55 555 3 277399.773 -7 Ve = ’
56 555 0 285701.178 8 186pa35¢1 54 535 0 276538.803 24
56 56.5 Q@ 285751.108 ~-10 54 545 0 276 588.908 9
56 55.5 1 284 559.403 -8 55 54.5 0 281 544.590 2
56 56.5 1 284 609.095 i 55 55.5 0 281594.625 -21
ter. Reduced masses must then be calculated from ion more precise 38Ba35Cl data. Therefore only the re-
asses rather than from masses of the neutral atoms. sulting hyperfine parameters have been listed in table §.

The remaining deviations seem to be real but effects of
this order of magnitude are usually experienced even

for 1Z molecules. No effect from the transfer of one 5. Discussion
electron mass can be observed for bromine or barium
isotopic substitution simply because of the larger Hyperfine structure parameters for 137Bal9F and
masses of these atoms. 137B335C] are listed in table 8 with the data from ma-
Results of hyperfine structure measurements for trix ESR [22] given for comparison. The values of the
137Ba35C] are listed in table 7. As to be expected from 137Ba coupling constants b, , ¢; and (egQ); determin-
the small nuclear moments, hyperfine structure from ed from BaF and BaCl microwave measurements agree
the chlorine nucleus is not resolved. Calculations with with each other within the quoted experimental errors.
estimated values for chlorine hfs parameters showed This is to be expected because of the very similar chem-
that no systematic line shifts will occur from unresolv- ical bonding in these two molecules. Since the BaF val-
ed chlorine hfs. Thus the hamiltonian for one coupling ues are more exact only these will be used in the fol-
nucleus was used to fit the measured transition fre- lowing discussion. A comparison between matrix ESR
quencies. b, . Dy, 7, and 57 were found to be in agree- and microwave results shows that the isotopic part of

mer.¢ with values calculated by mass relations from the the magnetic interaction is slightly but significantly
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Table 5

The molecular constants of 138 Ba35CL Constants for other
isotopes may be calculated using the given reduced masses
{sce texy)

13884351 this work Previous work

{38}

Y o1 (MHZ) 2517.27236(21) 2421.7
¥y (MH2) —-10.02186(18) -99
Y, (kH2) 6.218(68)
Y3 (kHz) 0.0411(55)
Yoo (kH2) ~0.906041(32)
Y2 (kHz) —0.001124(19)
Yo3(kHz) -0.69 x 1677
oo (MHz) 49.7183(98)
10 (MHzZ) —-0.2650(25)
o1 (kHZ) 80,0371 1)
ao{em™1) 2.332877(72) X 10°
ay —3.212015(60)
as 6.4100(68)
as ~9.114(64)
welem™) 2798179(39) 279.92(10)
Wexp(cm™h) 0.8170(12) 0.785(3)
re(d) 2.682765(10)
p(amuy®

138/35 27.8953771

138/37 29.1517032

136/35 27.8125569

137735 27.8542461

3} Atomic masses taken from ref. [34].

higher in the matrix while the anisotropic part is lower.

That means that hybridization of the unpaired elec-
tron orbital is slightly suppressed in the matrix, but
these influences are quite small.

The quadrupole coupling constant measured for the
13783 nucleus seems to be surprisingly large when com-
pared with egQ = — 17 MHz in BaO. Because of the
highly ionie bond only two contributions to the elec-
tric field gradient have to be considered which can be
clearly separated: Hybridization of the single unpaired

Table 6 .
Relative deviations from mass relations for 35C1/37Cl substitu-
tiond)

Neutral atoms Ionic bond

BaCl 1.7(3) X 1076 8.5(30) x 1077
CaCl . 1.53)x 107¢ 6.5(30)x 1077
StCl 1.5¢3)X 1078 6.5(50) x 10”7

2} Atomic masses and electron mass from ref. {34].

Table 7
Transition frequencies N +1 — N, F+1 « F of 37B335Clin
the ground vibrational statev = 0

N F Obs. Obs.—calc.
(MHz) (kHz)
20 18 105612.23 7
21 1055621.33 12
19 103629.81 -17
20 105631.60 -38
20 105642.47 5
19 105644 .31 43
21 105652.81 25
22 105661.84 —41
53 51 371126.77 31
54 271132.28 -84
53 271139.33 46
52 271149.25 13
52 27115420 —64
53 271164.22 1
54 271171.21 71
55 271176.76 -5
54 52 276 126.30 72
55 276131.74 -38
54 276138.67 67
53 276 148.37 ~60
33 276 154.13 : 65
54 276163.67 -223
55 276 170.76 42
36 276176.35 82
55 53 28112459 9
56 281130.01 -47
55 281136.82 31
54 281 146 .45 -37
54 281152.80 70
55 28116245 22
56 281169.15 -11
57 28117461 =27
Table 8

Hyperfine structure parameters from 37Bai%F and 137B135(]
specira (all constants are given in MHz)

137Ba19F 137Ba3SCI
this work matrix ESR
[22]

by =b(Ba) 2301 (9) 2401(6) . 2314(9)
¢1 =c(Ba) 75(6) 52(11) 96(20).
(eg0); =egQ(Ba) -117(12) ) -134(42)
by =b(F) 60(6) 59
¢3 =¢(F) - 8
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valence shell electron and polarization of the closed
shells. Both effects are due to the nearby F~ ion. The
direct contribution of the ion field to the field gradient
is small and may be neglected or added to the polariza-
tion of the closed shells;

€qQ =(eqQ)e; t(€dQypor- - ' ©®

The first term can be calculated from the anisotropic
‘magnetic coupling constant ¢y . Since ¢ and {egQ),,
are both proportional to [(3 cos26 — 1)/r3],, their
ratio is given by

“‘C'll(ECIQ)eI"JgIPo HN,e Q~ 136, (10)

where iy and uy are the Bohr and nuclear magneton,
respectively, g7 is the g factor and @ the quadrupole
moment of the 137Ba nucleus. With the values of these
constants taken from ref. [33] and the measured ¢
=75(6) MHz we get (eqQ),; =—55(5) MHz and
(qu)pol = —62(13) MHz. Thus more than 50% of the
measured eg{ is due to the polarization of the closed
shells. This result seems quite reasonable when com-
pared with hyperfine structure in the CsF molecule
which has been measured very precisely by molecular
beam electric resonance [35]. Here only (qu)pol is
present and it is easily calculated from the measured
egQ = 1.2370 MHz and the very small nuclear quadruple
moment of —0.003 X 10~ 24 cm3 that the field gra-
dient from closed shell polarization is even larger than
in BaF.

The wavefunction ¢ of the unpaired electron may
be described as :
lllr:aslrylés‘“zp w6p+ad ¥sa, an
with a?' + ag +a3 = 1, if only admixture of 6p and 5d
functxons to the atomic 6s orbital is considered. 02
ap and ad can be calculated by a comparisen between
molecular hyperfine structure parameters and exper-
imentally determined magnetic and guadrupole cou-
pling constants in the 28 ground state and in 2P and
2D excited states of the 137Ba* jon. These constants
have been determined by Becker et al. [37] and
Hohle et al. [24] and are given in table 9.

Since the isotropic magnetic Fermi contact interac-
tion comes only from s-electron contributions, 22 is
given by ' ’

ak=(b; +1e,)/A(3S) =0.58. (12)
This shows the strong hybridization of the unpaired

Table 9
vaerﬁne splitting factors of the Ball levels 25,4, 21’3 2 and
2Dy, (after refs. [24,37])

65252 6p2Ps, 542Dy,
A (MHz) 4014(4) 174(2) 263.4(12)
B (MHz) - 96 (2) 47¢2)

electron in the field of the F ™ ion. {egQ),, is due to -
contributions from 6p and 5d admixture

(eaQ)er = 22(eqQ)gp +a3(ea0)sa- 13)

The atomic B values are defined as B =eq,, ; ;0 while
in the calculation of molecular eqQ values we kave to
use g =g, ;o for po and do electrons. Forj =1 t3
these are related by [33]}

-Q,,,j,,- =qp 1= —1QI-1)/0+Dlay, ;0- (14)
Forj=1 ——;- we find using formula given by
Kopfermann [36]
g ==l _1R(j=1-3)
i~ ] R(= [+1 4 n,11
I—1)@i—1) RG=1-3) i
- 1(1)45 ) a0 3
R(j=1+3)

R(j=1- %) andR(j=1 +-§-) are relativistic correc-
tions listed by Kopfermann. Using these formulas we
get

(eq@)gp = —2B(?P3;3) = —192(4) MHz,

(eqQ)sq = —1.77 B(ZD 312) = —83(4) MHz.

Eq. (13) in combination with (12) and the normaliza-
tion condition for the wavefunction then results i in
the coefficients listed in table 10. The errors map and
ad are mainly due to the experimental errors in the
determination of ¢. The good agreement of these con-

Table 10
Coefficients for 6s, 6p, 5d mixing in the wavefunction of the
unpaired electron

‘ag a;z) ag
this work 0.580(3) 0.18(5) 0.24(5)
matzix ESR
0.17 0.23

[221 0.60
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stants with those given by Knight et al. is remarkable
because they have been obtained in a different way.
Contribution of 6p and 5d orbitals to the magnetic
coupling constant £ has been calculated by Knight et
al. using wavefunctions expressed as hydrogenic angu-
lar functions and Hartree—Fock radial functions. The
coefficients ag and ag were then adjusted for best
reproduction of the experimental coupling constants.
The excellent numerical agreement is even more sur-
prising because the ¢ values from microwave spectra
and matrix ESR differ considerably and the mixing
coefficients depend rather critical on this quantity.

Charge distribution in these heavy and highly ionic
molecules obviously depends on a delicate balance be-
tween many effects. The large 5d admixture to the
wavefunction of the unpaired electron is favoured by
the fact that 5d 2D levels are only ~5000 cm—! above
the 6s 28 ground state but 15000 cm—! below the
6d 2P levels. Polarization of closed electron shells also
plays an important role as demonstrated by the anal-
ysis of quadrupole hyperfine structure. An accurate
theoretical treatment is thus expected to be very tedi-
ous. This may encourage furzher experimental efforts
to provide more an better information, e.g. by a more
precise determination of ¢ or by measurements of the
electric dipole moment in these molecules.
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Note added in proof

Meanwhile we have got knowledge of a paper by
Silverans et al. [39] in which an experimentally deter-
mined value of B(5d 2Ds,,) is given. This results in
(eq@)s;5 = —80.7(10) MHz in good agreement with
the value calculated from B(5d 203/2).
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