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Intermodulated fluorescence spectra of the A 2/T-X X+ and B >3 *-X 23 * systems of Ca”’Br, Ca*'Br, and
Cal have been recorded. Br, *Br, and '”’I magnetic and electric quadrupole hyperfine structure was
observed. The following parameters were determined (in MHz, 10 uncertainties in parentheses):

Ca"®Br ca¥pr Cal
Xz*h 90 (1) 98 (1) 116 (1) ,
B:z* b 7 (1) 18 (1) ,
B2t eQq <3 —66(3) ,
Al eQq 31 (1) 28 (2) -55(1) ,

with eQq set equal to zero in all X 23 * states. The observed hyperfine structure of CaF, CaCl, CaBr, and Cal
may be interpreted in terms of halide orbital polarization rather than ionic—covalent mixing of M*X~ and

MX configurations.

1. INTRODUCTION

The first application of the technique of intermodu-
lated fluorescence spectroscopy (IFS) to a diatomic mo-
lecular electronic transition was on isolated lines of the
I, BO; -X'3} system.! Since this initial demonstra-
tion, IFS has been applied to such molecules as NH,,
BO,, 2 CaCl,* CaF,® and VO.® We report here some re-
sults on the intermodulation spectra of the CaBr and
Cal radicals.

Hyperfine structure of the A ’M~-X2s* and B2 *-X %"
transitions has been observed for **Ca™Br, **Ca®Br,
and *°Ca'®"I. Hyperfine interactions within the X, A,
and B electronic states were fit simultaneously in order
to minimize correlations between molecular parameters
for upper and lower electronic states. The addition of
A-X data to the fit allowed the determination of a mag-
netic hyperfine parameter for the B 25* state of both
CaBr and Cal. In this paper, the Frosch and Foley’

a, b, and ¢ magnetic hyperfine parameters are used.

The alkaline earth monohalides are a family of highly
ionic molecules with the special attribute that all elec-
trons but one reside in filled shells. Thus, it is tempt-
ing to interpret all observable properties {electronic
energy levels, spin-orbit constants, A-doubling and
spin-rotation splittings, hfs, and transition intensities)
in terms of the properties of the single occupied, open-
shell, mostly nonbonding, formally metal-centered or-
bital. The present hfs results probe the density and the
gradient of the density of this metal-centered orbital
at the halogen nucleus. Constrained by knowledge of
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other calcium monohalide molecular parameters, the
hfs results permit estimates to be made of Ca* s/p/d
hybridization and X" s and p polarization.

Il. EXPERIMENT

The experimental arrangement was identical to that
used for IFS of the CaF A 21— X %2* system.® Calcium,
entrained in argon, was reacted in a Broida-~type flow
system® with CH;Br or CH,CH,I to form CaBr or Cal,
respectively. Typical operating pressures were 0.5
Torr Ar to which <1% oxidant was added via a concen-
tric injector, just outside of the calcium oven.

The tunable, 1 MHz bandwidth laser used was a Co-
herent 699-21 ring dye laser pumped by 6-8 W of 514
nm radiation from a CR 18 argon ion laser. A dye mix-
ture consisting of equal amounts of Rhodamine 101 and
6G covered the 610-650 nm spectral region at output
power levels of 100—300 mW. The dye laser output was
divided by a beam splitter into two beams of approxi-
mately equal intensity. One beam was mechanically
chopped at 20 Hz, and the other at 1 kHz by a separate
chopper. The two counterpropagating beams were di-
rected, unfocused, through irises and, in a horizontal
plane, through the vertical CaX flame. The power den-
sity of each beam in the fluorescence excitation and de-
tection region was on the order of 100 mW cm™2.

Fluorescence was detected, througha 10 nm bandpass
interference filter centered at the laser wavelength, by
a photomultiplier. The filters partly discriminated
against weak chemiluminescence. Scattered laser light
plus chemiluminescence amounted to typically 1% of
the detected fluorescence intensity. Oxidants were se-
lected to minimize chemiluminescence.

The fluorescence signal was input into two phase sen-
sitive detectors, in series, as described for IFS on
CaF.® The first {1 kHz) lock in was operated at 10 ms

© 1981 American Institute of Physics

Downloaded 23 Dec 2002 to 129.97.47.16. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Bernath, Pinchemel, and Field: CaX hyperfine structure 5500

time constant, the second (20 Hz) at 1 s, and the re-
sultant IFS signal corresponded to typically 0.1% of the
detected fluorescence intensity.

The hyperfine linewidths were 25-40 MHz, due main-
ly to power broadening. The natural linewidth is about
4 MHz for these molecules® and the onset of power
broadening, calculated from

ME/h=(2nT)" ,

occurs near 20 mWcem™. At 0.5 Torr Ar, pressure

broadening probably contributes 10 MHz. Stray mag-
netic fields from the 30 A ac current through the tungsten
basket heater situated 6 cm from the fluorescence zone
also broaden the IFS lines.

Absolute frequency calibration (¢ 0.003 cm™) was
made by simultaneously recording CaX and I, excita-
tion spectra.!® A 300 MHz semiconfocal Fabry-Perot
etalon provided relative frequency calibration (to+ 3
MHz for hyperfine components within a rotational line).
Rotational assignments were made with reference to
previous analyses of CaBr!! and Cal*? spectra.

1tl. RESULTS

For CaBr, the nuclear spin of Br or ®'Br is 3/2;
thus, four strong AF =AdJ hyperfine lines are expected
for each J = 3/2 rotational line. Figure 1 shows the hfs
pattern observed for the P,, (64.5) line of the A %1 —
X3z* 0-0 band. At such high J one would expect four
equidistant lines if the only significant contribution to
hfs were magnetic hyperfine in the X2=* state. The
A ®I state should follow Hund’s case ag coupling, so its
magnetic hfs decreases as 1/J and ought to be negligi-
ble® at J=63.5. The Hund’s bg; coupling®® of X2%*

co®'sr A
0-0
P (64.5)

F'=63 64 65 66

\lY

fe————— 300 MHz ——————f

FIG. 1, Intermodulated fluorescence spectrum of the Ca 8Br
AM-X?%5* 0~0 Py, (64.5) line. The top trace is part of the
Doppler~-broadened line, the middle trace is the Doppler-free
spectrum, and the bottom trace shows frequency markers
from a 300 MHz Fabry—Perot interferometer,

Cal A%nm-x2s?
0-0
P, (51.5)

F'=49 50 5§ 52 53 54

p—————— 300 MH2z

]

FIG. 2. Intermodulated fluorescence spectrum of the Cal
A’M-X23* 0-0 P, (51.5) line. The asymmetry produced by
the quadrupole interaction is more evident than in Fig. 1.

would result in a constant hfs splitting of b/2 at high J.
In fact, the hfs components are not equally spaced; this
indicates the presence of electric quadrupole contribu-
tions to X and/or A state hfs.

This effect is more pronounced in the Cal A 11—
X?%2* 00 P, (51.5) line illustrated by Fig. 2. The 127
nucleus has spin of 5/2, so there are six strong hfs
lines. However, the electric quadrupole moment of ¥
is about a factor of 2 larger and has opposite sign than
for ™Br and #'Br.!* As a result, the hfs of Cal exhibits
larger deviations (and in the opposite sense) from equi-
distant spacing than CaBr.

The spectra of CaBr and Cal are extremely congested
due to overlapping sequences and branches and the pres-
ence of two approximately equally abundant Br isotopes.
This means that, even with sub-Doppler resolution, only
a few branches could be examined for hfs. These
branches are A 21,,,-X?s* 0-0 and 1-1 P,(J) (Ca®Br,
14 lines; Ca™Br, 11 lines; Cal, nine lines), A Iy, ,—
X23* 0-0 and 1-1 P,(J) (Ca®'Br, nine lines; Ca™Br,

10 lines; Cal, nine lines), B2z*-X%5* 0-0 and 0-1
Py(N) (Ca™Br, 14 lines; Cal, five lines). Tables I
and II contain all of the splittings for lines of the
A-X and B-X transitions that were examined for hfs

in CaBr, while Table III lists the Cal results. The
splittings are tabulated as differences between adjacent
components, starting from the red and progressing to
higher frequency. In the case of the B2*-X %z* P,(N"')
branch, the differences DO to D4 and DT are

DO=E’(F'=N""+1) -E'(N" +2)
+E'(F'""=N""+3)-E"(N'" +2) , (1a)
D1=E'(N")=E'(N" +1)+E"'(N"" +2) —E""(N"*+1) , (1b)
D2=E'(N"' =1)-E'(N"')+E""(N'"" +1) =E"(N"") , (1¢)
D3=E'(N" -2) ~E'(N"' =1)+E""(N") = E""(N" -1), (1d)
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TABLE 1. Ca’’Br hyperfine splittings (in MHz).?

Bernath, Pinchemel, and Field: CaX hyperfine structure

In taking differences of adjacent hfs components, the
extreme red and blue components of a rotational line
are used only once. Their measured difference DT was
included in the fit so that eac’ component would be used
twice in the measured differences.

The model used to fit the results is based on the
Frosch and Foley’ Hamiltonian

Hypo=aAl-k+bI-S+c(l- k)(S- k)
+eQq[3:-I +1))/ar2-1) . (3)

In the case of 2T states, it is possible to derive exact
analytical expressions for the hyperfine splittings.”’
For the X %z* state, it is necessary to use these expres-
sions since there is a transition from case by to by, as
N increases.’® The hyperfine Hamiltonian matrix shown
in Table IV is very similar to Radford’s.'® The off-
diagonal electric quadrupole term is too small to affect
the energy levels of CaBr and Cal so it has been elimi-
nated. The resultant 2X 2 matrix is exactly diagonal-
ized and the resultant energy level expressions used

Band Assignment D1 D2 D3 DT
Bip*-Xxiz*

0-1 P,(25) 41(0) 44(=3)  41(1) 126(- 2)
0-1 P, (27 41(0) 41(0) 39(3) 121(3)
0-1 P, (28) 42(—=1)  41{0) 39(3) 122(2)
0-1 P, (32) 39(2) 46(-4)  42(0) 127(- 2)
0-1 P, (33) 42(-1)  43(=1)  39(3) 124(1)
0-1 P (39) 43(-2)  40(2) 43(—1)  126(-1)
0-1 P, (35) 43(-2)  42(0) 43(-1)  128(=3)
0-1 P, (58) 43(=2)  40(2) 44(-2)  127(-2)
0-1 P (59) 42(-1)  43(-1)  40(2) 125(0)
0-1 P (60) 42(—1) 43(—=1) 43(—-1) 128(-3)
0-1 P, (61) 44(-3)  40(2) 40(2) 124(-1)
0-1 P, (65) 40(2) 41(1) 42(0) 123(3)
0-1 P, (66) 40(2) 41(1) 39(3) 120(6)
0-1 P, (68) 42(0) 45(-3)  38(4) 125(1)
AMly,-X"3t

0— Py, (5.5) 50(—3)  48(1) 31(=5)  129(—=17)
0—0 Py, (7.5) 54(1) 47(1) 30(—6)  131(—4)
0-0 Py (9.5) 52(—1) 44(—2) 34(—3) 130(-—6)
1-1 Py, (15.5) 54(1) 41(-5) 35(-2) 130(—6)
0—-0 Py, (18.5) 52(—1)  48(1) 33(—4)  131(—4)
0-0 P,(24.5)  49(-4)  45(0) 34(-3) 128(-7)
0-0 Py, (25.5) 55(2) 47(2) 41(4) 143(8)
1-1 P, (27.5) 50(-3) 41(-4) 36(-1) 127(—8)
0-0 Py, (59.5) 51(-2)  46(1) 36(—1)  133(—2)
0-0 P, (63.5) 52(—1)  45(0) 39(2) 136(1)
0—0 Py, (69.5) 48(-5)  44(-1) 35(=2) 127(-8)

Al -x2Tt

0-0 P,(13.5) 52(0) 45(-~1) 37(0) 134(-1)
0-0 P, (18.5) 53(0) 45(0) 34(~3) 132(-3)
0-0 P,(24.5) 53(0) 49(4) 38(1) 140(5)
0-0 P,(25,5) 53(0) 49(4) 36(-1) 138(3)
0-0 P,{34.5) 53(0) 50(5) 44(7) 147(12)
0-0 P, (46.5) 54(1) 43(~ 2) 38(1) 135(~1)
0-0 P, (58, 5) 58(5) 50(5) 37(0) 145(10)
0~0 P, (59.5) 56(3) 43(~2) 42(5) 141(6)
0-0 P, (76.5) 50(-3) 47(2) 40(3) 137(2)
0-0 P,(77.5) 51(~2) 49(4) 41(4) 141(6)

20bs.~calc. in parentheses.

D4=E'(N"' -3) -E'(N"' =2)+E'""(N"' -1)+E""(N'"' - 2) ,

(le)
DT =ZDi=E'(Fl,) - E'(Fl,) + E" (Fl.) —E"(F) . (1f)
For the A Y1 -X ®c* transition, the Py, (J'' =N'' —=%) and
P,(J' =N"’ —3) branches originate from the f parity
component of the X 2=* state, so the order of the F quan-
tum numbers is reversed®:

DO=E’(F'=N""-4)-E'(N'" - 3)

+E"(F'=N""-2) -E""(N'" - 3), (2a)
D1=E' (N -3} ~E'(N'-2)+E"(N" -1)-E"(N'"" -2},
(2b)

D2=E'(N"' - 2) ~E'(N"" = 1)+E""(N"") ~E""(N"' -1) , (2¢)
D3=E'(N" -1)~E'(N'"Y+E"”(N"" +1) -E""(N'") , (2d)
Da=E'(N'Y-E' (N"+1)+E""(N"" +2) =E"(N"*+1) , (2e)
DT =E'(F.,) ~ E'"(FL) +E"(Fi.) —E"(Fl,) . (2f)

min:

without further algebraic simplification.

In the CaBr and Cal B23%* states the spin-rotation
constants are much larger than in X 22" (see Table V).
The separation between electron—spin components
(J=N=x%) is always at least 10 times larger than hfs
splittings and AJ =z 1 interaction terms (case bg,;);
thus, only the diagonal elements (AJ =0) of the hyper-
fine matrix were used in the least-squares fits.

The A %Il states were assumed to obey ag type cou-
pling, with hyperfine energy levels described by

TABLE II. Ca®%Br hyperfine splittings (in MHz).?

Band Assignment D1 D2 D3 DI
Al ,-X72t

0-0 P, {3.5) 57(0) 47(-2)  38(2) 143(0)
0-0 Py, (4.5) 57(-1)  47(-3) 38(—1) 142(- 5)
0-0 Py, (5.5) 57(=1) 58(8) 33(-7) 142(0)
0-—-0 Py (7.5) 62(5) 48(- 2) 31(-10) 153(13)
0-0 Py, (9.5) 62(5) 49(-1) 36(—5) 147(~ 1)
0-0 P, (12.5) 55(—2) 52(2) 40(-1) 147(-1)
1-1 Pyy(15.5) 56(—1) 48(-2) 38(-3) 142(~6)
0-0 P,(18.5)  56(0) 51(1) 41(- 1) 148(0)
0-0 P,(24.5) 51(- 5) 48(-2) 42(0) 141(=7)
0-0 Py, (25.5) 57(1) 49(0) 42(0) 148(1)
1-1 Py, (27.5) 55(—1) 45(—4) 40(- 2) 140(~7)
0-0 Py, (64.5) 56(0) 4%(0) 43(1) 148(1)
0-0 P, (70.5) 56(0) 48(- 1) 41(-1) 145(- 2)
0-0 Py, (84.5) 57(1) 53(4) 42(0) 152(5)
Ay, ~-Xz"

00 P, (13.5) 60(4) 47(=3) 43(1) 150(2)
0-0 P,(24.5) 60(4) 50(1) 43(1) 153(6)
0-0 b, (34.5) 56(0) 48(-1) 45(3) 149(2)
0-0 P, (47.5) 56(0) 51(2) 49(7) 156(9)
0-0 P, (48.5) 54(—2) 48(—-1) 44(2) 146(—1)
0-0 P, (59.5) 56(0) 49(0) 44(2) 149(2)
0-0 b, (60.5) 55(-1)  49(0) 43(1) 147(0)
0-0 Py (77.5) 53(—3) 51(2) 49(7) 153(6)
0-0 P,(78.5) 57(1) 50(1) 42(0) 149(2)

20bs.—calc. in parentheses.
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Band Assignment DO D1 D2 D3 D4 DT
Bn*-X1z*

0-1 Py (24) 41(-2) 44(1) 49(1) 55(— 1) 49(-1) 238(—2)
0-1 Py (53) 40(— 1) 44(0) 52(— 3) 53(1) 57(1) 246(- 2)
0-1 P, (54) 42(—4) 44(0) 48(1) 54(0) 57(1) 245(— 2)
0—0 P (62) 39(0) 44(0) 48(1) 53(1) 59(- 1) 243(1)
0—0 P, (65) 42(-3) 46(~ 2) 49(0) 59(- 5) 65(—17) 261(—17)
Aty Xz

0-0 Py, (15.5) 52(4) 58(—4) 55(— 2) 61(~1) 66(— 2) 292(- 5)
0-0 Py, (17.5) 49(-1) 56(4) 51(- 6) 66(4) 66(— 2) 288(— 1)
0-0 Py, (26.5) 48(-1) 54(1) 57(0) 63(1) 65(~ 3) 287(~ 2)
0-0 P, (27.5) 48(~ 1) 53(0) 59(2) 62(0) 65(~ 3) 287(~ 2)
0~0 Py, (46.5) 48(1) 51(— 3) 59(— 2) 64(-1) 69(2) 291(- 3)
0-0 P,y (51.5) 46(- 3) 50(- 3) 58(0) 57(= 5) 68(1) 279(~10)
0—0 Py, (56.5) 48(- 1) 52{— 1) 56(~ 2) 61(~1) 68(1) 285(— 4}
0—0 Py, (58.5) 49(0) 49(~ 4) 57(- 1) 61(~1) 66(— 1) 282(-T7)
0-0 Py, (61.5) 52(3) 58(5) 60(2) 60(—2) 78(11) 308(19)
Ay ,-x"2

0-0 P, (8.5) 49(2) 49(2) 59(3) 63(2) 64(— 4) 284(5)
0—0 P, (9.5) 50(3) 52(1) 58(2) 63(2) 69(1) 292(9)
0-0 P,(19.5) 56(8) 53(1) 58(1) 65(3) 66(— 2) 298(11)
0-0 P, (30, 5) 55(7) 48(- 5) 59(2) 63(1) 68(1) 293(6)
1-1 P,(38.5) 47(~- 2) 53(0) 58(1) 61(~1) 67(0) 286(~ 2)
0-0 P, (40, 5) 46(- 3) 56(3) 57(0) 61(=1) 68(1) 288(0)
0-0 P, (51.5) 48(=1) 56(3) 58(1) 63(1) 69(2) 294(6)
0-0 P, (55.5) 44(-5) 53(0) 57(~1) 62(0) 65(— 2) 281(~ 8)
1-1 P, (68.5) 49(1) 50(~ 3) 58(0) 62(0) 70(3) 289(1)

20bs, ~calc. in parentheses.

E,,B(J, Q,Z,F)=[a+®+c)Z]QC(F,I,J)/2TT+1) , (4)

where C(F,1,J) is defined in Table IV. The electric
quadrupole hfs is given by

Wo=-eQqY(F,J,N[1-3%J(+1)] , (5)
where Y(F,J,I) is Casimir’s function.™

Equation {(4) neglects an e/f parity-dependent contri-
bution to the hyperfine splitting in the £ =1/2 compo-
nent of A 11:

. dWJ +1/2)
27 + 1)

The magnetic hyperfine splitting is altered by equal and
opposite amounts for ¢ vs f levels. At high J values,

I-J .

the hfs splittings of the e and f levels should differ by d.

When d was fixed at zero, no systematic e/f residuals
were observed at high J values in either A 2111/2 or
A%, , spin components for both CaBr and Cal. This
implies an upper limit of

|d| <6 MHz .

Equation (4) also neglects hyperfine matrix elements
off diagonal in . At the highest J values sampled,
where the effect of AQ =+ 1 interactions should be most
important, the second-order perturbation cross term
between 1-J and B S . J contributes less than 10% as
much to the magnetic hfs as the AQ =0 matrix elements
represented by Eq. (4). Thus, Eqs. (4) and (5) provide

a satisfactory representation of the hfs in the A 1 states
of the calcium monohalides.

The splittings listed in Tables I-III were input to non-
linear, least-squares fits. All hfs splittings for both
A-X and B-X systems were fit simultaneously. Lines
from 0-0, 1-1, and 0-1 vibrational bands were included
since no vibrational dependence of hfs parameters could
be detected at the precision (+ 3 MHz) of the present IFS
spectra. Childs and Goodman®® found that the magnetic

TABLE 1IV. Hyperfine Hamiltonian for the F(e)
and F, (f) components of a given N of a 2£* state.?

e(U=N+} FW=N-}
¢ CF1,d) c] EF,I,N)
€ [b+2N+3] 2(2N+ 1) [“2] 2(2N+1)
+WQ+-§I—V
c 1 CWF,IJ)
f sym ["”21\1-1] 2(2N+ 1)
_1(N+1)
+WQ 2

ACWF, I, N=FF+1)-1(+1) = JJ+1). EFI,N
=[F+N=I+1/2)(F = N+I+1/2)(F+N+I1+3/2)(-F
+N+I+1/21M5 Wo=~eQq3C(C+1)/4 -1+ 1)J(J
+1))/81(21 - 1)J(JI +1).
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TABLE V. Fine and hyperfine structure of calcium halides for »=0 (in MHz). One ¢ un-
certainties in parentheses.
CaFr? ca3®cl Ca'®Br cailpr Cal

¥ 39.505 41(2)° 90, 1° 89. 4¢ 168(1)¢

b 108.491 30° 90(1) 98(1) 116(1)
Xzt

c 39.476 vee eued sead vead

b/g; 20,635 55 64(1) 65(1) 103(1)

v —1374(1)® —1965(2)" ~ 2069(1)° - 2052(1)° - 4202(10)¢

b ree cen 7(1) e 18(1)
Bz ‘

eQq 0(< 3 MHz) - 66(3)

b/gl “os see 5(1) e 16(1)
A%l eQq ses ces 31(1) 28(2) ~55(1)

aReference 16.

®p, J. Domaille, T. C. Steimle, and D. O. Harris, J. Mol. Spectrosc. 66, 503 (1977).

SReference 19.
d5et to zero in the fits.
®Reference 11.
fReference 12.

M. Dulick, P. F. Bernath, and R. W. Field, Can. J. Phys, 58, 703 (1980).
bL. E. Berg, L. Klynning, and H. Martin, Phys. Scr. 22, 216 (1980).
leQq’’ of X?®2* set to zero in the fits. Constants given are actually AeQqg(B—X) and AeQq(A-X).

hfs of CaF X 22* decreased by 0.85% as v increased by
one. A similar hfs variation for CaBr or Cal would have
been undetectable here. The precision of the radio fre-
quency measurements'’ was 3x 10° higher than the pres-
ent IFS results.

In all, the hyperfine Hamiltonian for the X, A, and B
states involves 11 independent parameters: b, ¢, eQq,
and ¥ for both the X and B states; and a, (b+c), and
eQq for the A state. The present data set is inadequate
in both precision and extent to determine all 11 parame-
ters. Some of these parameters, such as ¢ in the B%z*
state should beundetectably smail®; others, such as the
three eQq parameters, should be partly correlated, even
if data from more than one branch were available.® The
contribution of the ¢ parameter to the X and B state hfs
varies as N"!, and, since low-N data were unobtainable,
was fixed at zero in the fits. The a and (b+c) parameters
for A%l were set to zero for the same reason. The cor-
relation of eQq parameters was artificially broken by
setting eQq’’ =0 for the X% * states. This means, in ef-
fect, that the parameters AeQq(A ~X) and AeQq(B-X) are
being determined. The remaining parameters & in the
25+ states and eQq in the A %Il and B2%* states were de-
termined and their values are listed in Table V. The
values of y for the X and B states were fixed at their
known values.!*'? The previously determined CaF*’ and
CaCl1' constants are included for comparison.

As a check of the parameters obtained, the Ca®Br
constants can be predicted from those of Ca™Br using
the known ratio of nuclear moments.'* For the X%z*
state, the predicted and observed values are 97(1) and
98(1) MHz, respectively. For eQqg (actually AeQq) of
the A 211 state, the predicted and observed Ca®'Br val-
ues are 26(1) and 28(2) MHz, respectively.

1V. DISCUSSION

In this section, the observed hfs parameters will be
used to construct a simple model for the electronic
structure of the calcium monohalides. The unique fea-
ture of these highly ionic molecules is that, in zeroth
order, only one electron resides outside of filled Ca*?
and X~ shells. All known CaX electronic transitions
correspond to promotions of this electron between non-
bonding, metal-centered orbitals. Since virtually all
observable properties of CaX molecules should be pre-
dominantly determined by the form of the occupied non-
bonding orbital, one has an unusual opportunity to char-
acterize such orbitals.

The halide nuclear spin acts as a probe of the size
and shape of the unpaired spin-density present at the
halide nucleus. The strongest indication that the CaX
molecules are nearly perfectly M’ X~ ionic is that the
magnitudes of the magnetic hyperfine parameters (b’s)
are less than 1% of the values calculated for neutral
halogen atoms.?®® This is consistent with almost com-
plete localization of the unpaired spin density on the
Ca'.

The hfs of such highly ionic molecules can be viewed
as arising via two distinct mechanisms: (1) A small"
amount of covalent character is present by Ca’X™~ CaX
configuration interaction, and (2) the X~ orbitals are
polarized by the unpaired electron on Ca* (spin polar-
ization).? Mechanism (1) requires net formal electron
transfer from X~ to Ca’, while (2) preserves the formai-
ly closed-shell character of X*. A convenient feature
of mechanism (2) is that all relevant matrix elements
may be estimated using M' and X~ atomic orbitals. It
will be shown that mechanism (2} accounts for the major
part of the CaX hfs.
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The & parameter (Fermi contact term) is related to
the spin density at the halide nucleus through the equa-
tion’

b=grliohy [lgz |9(0)]? -<3°—°S}:—l>] , (6)

where g; is the X nuclear magnetic moment, g and fy
are the electron and nuclear magneton, ¥(0) is the am-
plitude of the electron spin density at the X nucleus, »
is the e” to X-nucleus separation, x is the angle between
r and the M'—X" axis, and { ) implies expectation value.
The first problem is to separate out the §(0) part of 5.
If the ¢ parameter were known

c=3g poky{(3cos?y —1)/#Y | (7a)
then one could define
bieo=b+c/3 , (7o)

where b,,, is directly proportional to |3{0}!%. For CaF
X%%*, the known value'® of ¢ allows calculation of

byso=121.6 MHz .

In this case b and b, differ by only 12%. Fortunately,
one expects the ¢ constant to be sufficiently small for
all of the CaX molecules that

b(soz b

will give a good approximation to 1(0)!%. Table V
lists known values of b/g; for the X, A, and B states

of CaF, Ca¥Cl, Ca™Br, Ca®Br, and Cal so that spin
densities may be directly compared. It will be sug-
gested below that the fivefold increase in {(0)12 for
X2%z* from CaF to Cal results from mainly the increas-
ing spin polarization of the halogen, not from an in-
crease in covalent character.

The model used here to explain the magnetic hfs in the
B®3* and X%5* states is a generalization of one used by
Dagdigian, Cruse, and Zare® and by Knight ef al.% It
combines the idea of s/p/d mixing of Ca’ orbitals®*
with a (zero free parameter) renormalization effect
discussed by Freeman and Watson, # which mixes in a
small amount of X” ns character into the singly occu~
pied open-shell molecular orbital.

One starts by writing the CaX molecular orbitals in
terms of linear combinations of Ca* atomic orbitals.
The X~ ion provides a ligand field which mixes atomic
orbitals of different »! values and also splits these or-
bitals into the o, 7, and 6 forms appropriate to the C.,
point group. One obtains for molecular orbital shapes

P(B2z*) =e |4po(Ca’)) - (1 -€)V2|3do(Ca’)) , (8a)
YA M) = £ | 4pm(Ca®)) — (1 - £3V 2| 3dn(Ca")) (8b)
WX ?2*) = g|aso(Ca”)) - (1 - g2V 2|4po(Ca’)) . (8¢c)

Note that 4so and 3do, respectively, are artificially (but
inconsequentially) excluded from B and X state wave
functions. The e, f, and g mixing coefficients are to be
determined from measured molecular parameters such
as radiative lifetimes, A doubling, spin-rotation, spin-
orbit, and hfs constants.
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It is easy to show that Eq. {8c) is inadequate to ex-
plain the magnetic hyperfine structure. Representing
each atomic orbital by a single Slater type orbital, with
the exponents chosen by Burns’ rules, 2 one can calcu-
late 19(r4)1%. Burns’ rules were formulated to repro-
duce Hartree—Fock moments of » (orbital shapes) rather
than minimize the total orbital energy. Using Eq. (6),
the predicted magnetic hfs is more than a factor of 10
too small for all X%=” states.

Following Freeman and Watson, 2! the molecular wave
functions are now augmented by a small amount of ns
halide character - (S+2)insX"). Although Freeman and
Watson show that halide orbitals in addition to the va-
lence halide orbitals should be included, for simplicity
inner orbital contributions will be neglected. The coef-
ficient A is interpreted as a covalency parameter while
S is a measure of halide spin-orbital polarization. The
S contribution can be considered to originate solely
from the nonorthogonality of the atomic Ca' and X~ basis
orbitals. A reasonable estimate for S is thus the orbital
overlap integral between the Ca* and X~ basis functions.?
Orbital overlap integrals for Slater-type functions are
tabulated.®® Burns’ rules® were used to determine the
orbital exponents for the single-{, Slater-type basis
functions for valence Ca‘ and X~ orbitals.

The covalency parameter X must also be estimated.
1t is reasonable to set A =0 for the entire CaX series.
This may seem surprising in reference to the tradition-
al ionicity index® R,/R,. R, and R, are, respectively,
the equilibrium internuclear distance and the hypotheti-
cal internuclear distance at which the bound ionic poten-
tial curve crosses the nonbonding neutral curve. When
1.5<R,/R,<2, as it is only for Cal (1.67), bonding is
expected to be mostly ionic, but with some covalent
character.

The following facts suggest that X is negligibly small,
even for Cal: (1) The Rittner ionic model® accurately
reproduces the X ?z* state dissociation energies? of the
calcium monohalides. (2) The spin—orbit constant A of
A2 changes monotonically from 71.45 cm™ in CaF? to
45.8 cm™ for Cal.'®* (These A values are corrected us-
ing unique perturber estimates of the o parameter. %
Without this correction, A ranges from 72.60 c¢cm™ for
CaF to 60.12 cm™ for Cal.) About half of the change
in A can be accounted for by the increasing d character
(F -1 of the molecular orbital. The remainder is con-
sistent with A= 0.05 (about 0. 25% covalent character),

a value that is nearly independent of halide. This argu-
ment depends on the assumption that the X, A, and B
states all have similar X values. The small differences
in R, and w, values between these states® supports this
assumption. (3) The conventional correlation between
ionicity and electronegativity differences (Ref. 14, p.
582) suggests 11% covalent character (A= 0. 33) for the
Cal X?3* state. This would imply, if X were identical
for the A 31 state, a spin—orbit constant 4 = — 500 ¢cm™!1

The above arguments demonstrate that A is small.
It will now be shown that even a small value of A leads
to contradictory interpretations of the magnetic and
electric quadrupole hfs. The decrease, by almost an
order of magnitude, of the magnetic hyperfine & param-
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eter from the X 22* to the B 22" state of CaBr would nor-
mally be explained by a decvease in x. In contrast, the
value of eQq is the same in the B and X states of CaBr
and actually larger in absolute magnitude in the B vs

X state of Cal, thus suggesting' either no change or

an incvease in A, The simplest way out of this quandary
is to set A =0 and attempt to explain the hfs entirely by
spin polarization.

It is not surprising that the usual correlation* be-
tween eQq and the X ionicity parameter breaks down for
the alkaline earth monohalides. These molecules are
unique in that they have an odd total number of elec-
trons and that the odd electron is located predominantly
on the nucleus without spin. This means that hfs is de-
termined by a delicate balance of weakly sampled large
effects, in contrast to the more usual situation when
valence orbitals all contain an even number of electrons
or the odd electron is formally associated with the
I>% nucleus.

The first step in explaining the hfs in terms of the
spin-polarization model is to use the magnetic hfs to
obtain an estimate of S, the overlap integral of the unique
Ca’ centered orbital with one of the filled-shell X~ or-
bitals. Equations (6) and (8) and the suggested® ad-
mixed - Slns X”) ns halide character lead to

b/g; = 80052 ¢, x-(0)]2 (9)

where | @,,x-(0)12 is the charge density (in atomic units)
of the halide ns orbital at the halide nucleus and b/g; is
in MHz. The overlap integrals S for the X%z* and B%5*
states are

Sy =gS [4s0(Ca"), nso(X7)]

- (1 - gV 25[4po(Ca"), nso(X7)], (10a)
S =eS[4po(Ca’), nso(X")]
- (1 -e®)" 25 [3do(Ca"), nso(X7)] . (10b)

Values of |¢,.x-(0)I% were taken from Hartree~Fock
calculations of Froese-Fischer®® {(on neutral atoms).
Equations {10) were then solved for the mixing coeffi-
cients g and e using overlap integrals between Ca* and
X" atomic orbitals for which Burns’ rule { values were
selected. The mixing fractions obtained are listed in
Table VI.

The magnetic hfs of the X =" state for the CaX mole-
cules suggests that 25%-35% 4po (Ca’) character is ad-
mixed with 4s6'(Ca’) into the lowest energy CaX molecu-
lar orbital. This conclusion is qualitatively supported
by population analyses of two independent Hartree-Fock
calculations which give 13%!® and 18%* 4po character
for the X ¥z* state of CaF. Knight et al.?* made similar
s/p mixing conclusions for the X 25* states of SrF and
BaF. This latter result, however, was obtained from
magnetic hfs associated with the ¥Sr and ¥"Ba nuclei.

TheCaBr and Cal B 22 *state mixing fractions (65%-55%
4po, 35%-45% 3do) are consistent with an independent
estimate®® of e?, hased on radiative lifetime data,® A
doubling of the A 21 state, and the spin-rotation constant
of the B%z” state. Hartree-Fock calculations for CaF
B23%* give 38% 4po, 54% 3do'? or 45% 4po, 48% 3do. !

Bernath, Pinchemel, and Field: CaX hyperfine structure

TABLE VI. Mixing fractions from
magnetic hfs.

CaF CaCl CaBr Cal

g2(X2EO)a
e’ (BizhHY ... 0.66

0.65 0.75 0.77 0.76

0.55

35? is the fractional 4so character in
X% (1-g% is 4po.

®e? is the fractional 4po character in
BZ*; (1-¢Y is 3do.

The Hartree-Fock calculations also indicate that the
B2s* state contains less than 7% 4so and the X 22" state
has less than 3% 3do, justifying their exclusion from
Eqgs. (8a) and (8c).

The smaller magnetic hfs in the B than X states is
explained by a simple cancellation effect. The 4po and
3do mixing coefficients are nearly equal in magnitude
but opposite in sign; thus, the p and 4 orbital contribu-
tions to the hfs almost cancel. This is reasonable since
the 4do orbital has a lobe that points directly at the
halide, so it should be more heavily mixed. The nega-
tive signs for the mixing coefficients in Eqs. (8) are
essential to enable the nonbonding Ca* orbital to distort
so that it avoids the negatively charged X~. The in-
crease in spin density at the halide nucleus in the X st
states of the CaF to Cal series is due to an increase in
the atomic orbital density |¢,x(0)1? (from 11.4 a.u.
for F to 22.9 for I*Y) and an increase in the overlap in-
tegral {trom S [4s0(Ca’), 2s0(F)]=0.219 to S[4ss(Ca’),
5s0(1")] = 0. 352}.

Additional support for this interpretation comes from
comparison with CaF, SrF, and BaF, where there is no
question of covalent mixing. In this series, b/g; is 20,
18, and 11 MHz, respectively.?? The decrease in spin
density from CaF to BaF is caused by decreasing spin
polarization as measured by the metal-halide overlap
integral {S{5s0{(Sr*), 2s0(F")}=0.113 and S [6s¢(Ba"),
2s0(F7)]=0.039}. The calculated mixing fractions for
the X%2* states are 37% admixed 5po for SrF and only
4% 6po admixed for BaF. It seems likely that the small
admixture of 6pc in BaF is a reflection of the inability
to calculate the small overlap integral accurately rather
than a dramatic increase in the orbital purity of the
ground state.

The electric quadrupole hyperfine structure can be
rationalized similarly. The model is expected to work
less well, however, since eQq values depend on the
gradient of the charge density at the nucleus rather than
simply on its magnitude. In addition, all filled orbitals
contribute to eQq, thus vitiating the single orbital model
adopted here. However, differences between eQg values
for electronic states with all but one orbital in common
should be consistent with a single orbital model.

In this model, it is the distortion of np halide orbitals
by the presence of the unpaired Ca' electron that is im-
portant. Calculation of overlap integrals demonstrates
that 4pm and 3dw Ca’ orbitals have much greater overlap
with halide np orbitals than 4sco, 4po, or 3do Ca* or-
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bitals. Thus, this qualitative picture predicts e@Qq for
the A %11 state should have a larger absolute value than
those for X2=* and B%=*. This is the case for CaBr
and Cal (Table V).

It is clear, however, that the model gives an unsatis-
factory explanation of the electric quadrupole hfs ex-
cept for possibly the ground X ?=* state. The X?=" state
is a reasonably pure 4so state. Using the mixing coef-
ficients from the magnetic hfs, overlap integrals calcu-
lated as described above, and e@q,;, values (Ref. 14,
p- 579) for =1, m =0, the eQq’’ values are predicted
to be - 2 MHz for CaCl, 10 MHz for CaBr, and - 150
MHz for Cal. Calculations using this simple model for
the excited states predict very small eQq (~ 1 MHz) for
both A %[l and B ?=* states of CaBr, mainly due to can-
cellation by 4p and 3d terms. These estimates are at
variance with experimental Ae@q values of Table V.

The size of Ae@g(B-X) in CaBr and Cal is particular-
ly puzzling. For CaBr, the e@Qqg value of the B state is
identical, within experimental error, to that of the
ground state. In Cal, however, eQq of the B state is
almost the same as that of the A %1 state. We can offer
no reasonable explanation for this behavior. More so-
phisticated calculations are required to explain the elec-
tric quadrupole hfs for the excited states of the calcium
halides.

V. CONCLUSION

The intermodulated fluorescence spectra of CaBr
and Cal have provided some insight into the electronic
structure of the calcium monohalide radicals. The
data suggest that bonding is completely ionic for the
CaX series. A simple model built from a small number
of atomic orbitals has provided an explanation for the
magnetic hyperfine structure. It is hoped that this work
will encourage more accurate determinations of hyper-
fine structure in these molecules (particularly the
Frosch and Foley' ¢ parameters and eQq for the X 2>*
states) by radio frequency methods.'” Accurate molecu-
lar calculations of electronic properties of the alkaline
earth halides would also be valuable. The hyperfine
structure serves as a useful test of computed molecular
wave functions.
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