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THE MOLECUL.I\R-BF..AM ELECTRIC-RESONANCE SPECTRA OF LiF', NaF; AND KCl 

Craig D. Hollowell. 

Lawrence Radiation Laboratory 
University of California 

Ber,keley, California 
.. .... ,·: . 

November 7, 1966 

ABSTRACT 

RadiO-frequency spectra have been observed co:i.n the low vibrational 

androtationalstates of 
6
ti19F, 71119F, 23Na19F, 39K35c1, and 39K37cl by 

the molecular-beam electric resonance method. Microwave J = 1~0 transi-
. . 23 19 

tions have also been observed for Na F. Analysis of the spectra has 

made possible the determination of accurate dipole moments, rotational 

constants, and nuclear hyperfine interaction constants. 

A polarizable ion model of the alkali halide molecules is presented. 

This model includes several effects, previously neglected, and. success­

fully agrees with ~xperimental data. 

( 
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I. HITRODUCTION 

Many improvements in molecular-beam electric-resonance spectroscopy 

have b.een developed since the first spectror11:eter was constructed in 1947 by 
; 1 

H. K. Hughes. Hughes observed radio-frequency Stark transitions in GsF. 

Carlson, Lee and Fabricand
2 

first reported on a weak field electric-reson­

ance experiment in which a rotational transition of microwave frequer.cy 

was induced in a polar diatomic molecule, and this was later extended to 

the strong field case by Wharton et al. 3 Trischka 
4' 5' 6 improved on Hughes' 

design and developed a high resolution spectrometer. Since then many 

subtle changes in design by other experimenters have further increased the 

resolution and versatility of the molecular-beam spectrometer. 

The present work is a continuation of the radio-frequency and mi.cro­

wave studies of the alkali halide molecules using a high resolutuion electric-

. resonance spectrometer. The spectrometer used in the present experiments 

has demonstrated very good resolution, even at strong Stark fields. This 

has made possible an accurate determination of electric di.pole moments, as 

well as rotational and hyperfine interaction constants. This thesis pre­

sents the electric-resonance studies of LiF, NaF, and KCl in which accurate 

dipole moments and other molecular constants are reported, many for the 

first time. 

Several attempts have been made to correlate experimental dipole 

moments and other molecular constants with a simple semi-classical ionic 

model of the alkali halides, none with complete success. With the present 

results and other recently reported accurate dipole moments now available, 

re-examination of the model has been undertaken,. This thesis therefore 

presents a polarizable ion model of the alkali halide molecules which in­

clude~ several effects, previously neglected, and which successfully agrees 

with experimental data. 
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II. EXPERH,JENTAL PRO::::ED\.JRE 
. .. . . 

· A. Introduction 

·In molecular-beam resonance experiments molecules effuse from an 

oven source and pass through interch&'nber slits into a main chamber as 

shmm in the schematic_ diagram of a typical spectrometer (Fig. 1). · In 

an electric-resonance experiment the beam passes through three electric 

fields in the main chamber and is then focussed or defocussed onto a de-

.teeter. 

In the present experiments tvo inhomogeneous A and B dipole electric 

fields act as (J,±mJ) state selectors of the be&'11. J is the rotational 

·quantum number and _mJ ·is its projection-on· the direction of the electric 

field. An inhomogeneous electric field exerts a force on a molecule having 

a permanent electric dipole moment, fl. This force can be expressed as: 

.. ·, 
'rThere . W is th~ en.ergy of the mol;cule, E is the electric field, and x 

is the direction of the field gradient. The 'effective dipole moment, fle' 

is a function of the energy of the molecule-in an elP.ctric field. A plot 

(Fig._2) of fl/fl versus A.· (a dimensionless parameter equal to f..l.E/B 

vhere B ,is the rotational constant) iluust.rates the (J, ±mJ) dependence 

of fle as a function of. the electric field. The trajectory of the beam in 

a (J,±mJ) state can be calculated from the kno\m field gradient, ?JE(ox, 

and effective dipole moment, f1 • . e \Vi th proper· values of the A and B electric 

.fields, the (J,±rriJ) states can be focussed onto the detector. The experi-

,_merits reported here are of the· "flop-in" type and require that molecul~s 

- uridergo a transition iri order to reach the detector. Therefore resonances 

are observed as inc~eases of the beam intensity at the detector. This is 

shown in Fig~ 1 where .(l 1 ±l)A~(i,o)B transitions are refocussed. 

The homogeneous electric C field removes the. Q.egeneracy bet•reen 

_lmJI states of a diatomic molecule and this splitting is.known a.s the Stark 

effect. Transitions of the type (J,mJ)-?(J,mJ±l) are induced by 

.' ... _,.· . i.' 

.. ·:· ·, . 
.... . .... .... : 

. -· 
·:· :.· '• ,•' :· ... ·,' ,·: . . · 

.,.,. '· 



{!,O)p.e-, Ff 
(l,±l),ue+ F~ 

(I,± I) 
IS1At:2 

. -3-

Molecu I es with 
high J, small P.e 

(I,O)p.e- • F f 
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........ ::.. .. · 
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MU-28374-D 

Fig. 1._ A diagram of a typical molecular-beam electric-resonance 
spectrometer set up for doing "flop-in" experiments. 

. .. 



MU-28374-C 

Fig. 2. The effective electric dipole moment, !1 , . for deflection of 

d . t . l l ·~· . ~ d' l e ~ mh b a 1a ,om1c mo ecu e Wlvn a permanenv 1:p0 e momen", l-l· .Lc.e nu.rn ers 
at the right of each curve represent the (J) !mj) states. The dimen­
sionless parameter A. is equal to l-l.E/B where E is the electric 

. field and B is the rotational constant. 
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applying radio-frequency in the C field region of the apparatus. , In the 

absence of any hyperfine structure, a single Stark transition resonance 

would be observed; however) the addition of hyperfine structure splits the 

ln~l levels and several resonances are observed. 

Transitions between rotational J states can also be induced by 

applying microwave frequency and this is discussed further in Chapter IV. 

B. The Spectrometer 

The electric-resonance spectrometer used in these experiments was 
7 designed and constructed by A. J. Hebert. Since the apparatus is discussed 

in detail in Hebert'~ thesis, only a brief description will be given here. 

The apparatus, shown sehematically in Fig. 3) consists of a fout·-cllamber 

high-vacuum system with two 30 c1n. dipole inhomogeneous electric deflecting 

fields and a 30 em homogeneous electric Stark field region. The Stark 

field is produced by parallel electrodes made by evaporating an alUJninum 

film on glass optical flats. The field is parallel to l/8 A. of helium light 

for a l em gap or approximately 1 part in 105 along the 30 em transition 

region. Radio-frequency is applied across one of the C field electrodes. 

S_ince magnetic effects could be expected to produce noticeable perturbati:::ms) 

care was taken to reduce all components of the earth's magnetic field and 

fringe magnetic fields from the mass spectrometer to less than 50 mg along 

the C field transition region. 

The source oven is a 20% iridiUJn - So% platinum tube with a so~.+rce 

slit 0.25 ~n. high by 0.005 in. wide. Detection is by surface ionization. 

on a tungsten ribbon with the positive ions accelerated out of the main 

chamber) through a mass-analyzing magnet, and into a 14-~tage electron 

multiplier. 



Oven chomb~ 

s•K a .. x a" 
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Main chamber 
4 5f X 6 ::-;;-a; 

~K.t!.~!L~~ ~~'!!. 
4"diom • 7"'tonQ 

MUR-1386 

Fig. 3. Schematic diagram (top view) of the electric-resonance apparatus. 
Field lengths and displacements are to scale. Field gaps and beam 
displacements are exaggerated. Unshaded areas in chamber walls re­
present access ports. 

(l) Hot wire and ion accelerator 
(2) Glass cover port for optical alignment 
(3) Permanent magnet, 60°, 1-cm gap 
(4), (5), (6), and (7) Outlets to liquid nitrogen 

(8). 
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C. Voltage Measurements 

The value of the electric field is calculated from the known spac-
i 

ing of the homogeneous C field electrodes and the applied voltage. In 

early experime~ts the voltage was measured with a resistance bridge and a 

Rubicon potentiometer in conjunction •ri th an Eppley standard cell. The 
4- . . 

uncertainty in electric field was l part in 10 with a reproducibility of 

the field at least an order of magnitude better. 

However, an improved voltage measuring system now uses a Guildline 

Volt Ratio Box and a Leeds and Northrup Guarded Potentiometer which is 

calibrated·with a bank of standard cells. The potentiometer and volt box 

have been certified by the National Bureau of Standards to l part i.n 10
6 

and 1 part in 105, respectively. The cell bank is certified to 2 parts in 

106 . The spacing of the C field electrodes is corrected for thermal 

expansion by thermocouple monitortng of the three electrode spacers. This 

improved system has now reduced the electric field uncertainty to 2 parts 

in 105. 

D. Radio-Frequency and Microwave Equipment 

Hewlett-Packard 6o6A and 6o8c radio-frequency generators are used 

to produce signals from 50 kc/sec to 65 Me/sec and from 10 Me/sec to 480 

Me/sec, respectively. The radio-frequency signals are monitored with a 

H-P 5245L-5253A electronic counter. Pulses from the electron-multiplier, 

which are a direct measure of beam-intensity, are amplified and fed into 

a H-P 5245L-5253B counter. The radio-frequency count is fed into the 

first seven channels of a H-P 562A digital recorder and the beaip.-intensity 

is fed into the remaining four channels of the recorder. Also the first 

three·digits of the beam-intensity count are converted into a voltage and 

fed into a Leeds and Northrup chart recorder for graphic representation of 

.the spectrum. Radio-frequency is fed into the transition region at a fixed 

frequency and counted.for. l second while a 1-second beam intensity count is 

being taken. Both counts are recorded simultaneously, the frequency is 

increased and the counting cycle is restarted. 
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Microwave frequency · is obtained by using a Hewlett-Packard 940A 

frequency doubler with the fundamental frequency generated by a "P-band" 

Varian X-12 klystron. The klystron :Ls phase-locked with a H-P DY2650 

A-M5 oscillator synchronizer to a H-P 6o8c signal generator. The funda­

mental frequency is monitored roughly with a wavemeter and more accurately 

with a H-P 54oB transfer oscillator and a H-P 5245L-5253A frequency counter. 

Final frequency determinations ·are made with the 6o8C signal generator 

output. Microwave power is introduced into the electric field transition 

region means of a sectoral horn with a length of 14 in. and an apex of 20°. 
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III. THEORY 

A. The H~~iltonian 

The Hamiltonian for analyzing the electric-resonance spectrum of 

l d . t . l' l . l,. l t . d t . S,9 a po ar 1a om1c mo ecu e 1n a 6 e ec ron1c groun s ate 1s: 

2 ( 3 ( I . J ) 
2 

+ ~ ( I · J ) - ( I 2 J 2 ) ] 
-1 - 2 -l - -l - ' 

BI. I;.. ~- eql~ . 2I
1

(2I
1
-l) (2J-l) (2J+3) 

· (3(I .J)
2 +~(I ·J) - (I 2J 2 ) 

~- 2~- -2-
- e~~ 2I

2
(2I

2
-l) (2J-l) (2J+3) + cl(!l·~) + c2(~·~) 

[ 3 (11·~) (12·~) + 3 (12·~) (Il·~) - 2 (Il·~) J(J+l) 
+ c3 2J-l)(2,J+3 + cl~(Il·~) 

The first ierm in the above expression represents the rotation of 

the molecule, where B is the molecular rotational constant and J is the 

rotati_onal angular-momentum operator. The second term gives the interaction 

of the permanent ·electric dipole moment, ~' with the applied external 

field, E. - The third and fourth terms represent the interaction of the 

nuclear electric quadrupole moments (~ and ~) with the electric field 

gradients at the nuclei ( q
1 

and %) , where e is the electronic charge, 

r
1 

and I 2 are the nuclear spins, and the subscripts distinquish between 

the two nuclei. The fifth and sixth terms represent the magnetic coupling 

of the nuclear spins with the molecular angular momentum, where and 

c
2 

are the spin-rotation interaction constants The seventh and eighth 

tenns represent the tensor and scalar spin-spin interactions,
10 

respectively. 

The tensor spin-spin interaction constant, c
3

, is defined as c
3
(dir) + 

c
3

(ind). The direct spin-spin interacition constant, c
3
(dir), arises from 

the usual magnetic dipole-dipole interaction between the two nuclei, and 
2 3 equals g1g2~N (1/r ) where g1 and g

2 
are the nuclear g factors 

for the two nuclei, r is the internuclear distance and ~N is ope 

nuclear magneton. For the (ljr3 ) calculation correction is made for the 
ll 

molecular vibrational effects as discussed by Ramsey. The indirect 

spin-spin interaction constant, c
3
(ind), arises from the tensor component 

o£ an electron-coupled nuclear spin-spin interaction. The Scalar spin-spin 

interacti.on constant, c4, arises soley from the scalar component ::Jf ar: 

electron-coupled nuclear spin-spin interaction. 
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B. Energy Calculations 
12 

A c'omputer program calculates the matrix elements of }I ' in a 

.(J,I1 ,I2 ,mJ,mi1,~2 ) ~epresentation, vhere mJ, m11 , a?d m12 are the pro­

jections of J,I1 , and r2, respectively, on th~ the direction of the field 

E. The program computes the er.ergy eigenvalues by diagonalizing this matrix 

and then claculates the spectral line positions and intensities corresponding 

to the given set of input parameters according to the selection rules 

~ =· o,±l,±2 .... where 

on the field direction. 

~ is the projection of the total angular momentum 

Since is a good quantum number at all field 

values, the matrix is diagonal in ~· The unknown parameters are varied 

to obtain a best fit to the observed spectra. 

The first term in the Hamiltonian is diagonal in J and the last 

four terms are small and only matrix elements diagonal in J are included 

for them:. 

The nonz.ero matrix elements of the Stark interaction are of the 

form (J,mJI~:;.·!IJ±l,mJ). S~nce the matrix is infinite in J, only the first 

four J states are included in the matrix for J = l calculations, only the 

first five J states for J = 2 calculations and similarly for higher J 

state calculatLns. This is equivalent to a fourth-order perturbation treat­

ment of the Stark energy. 

The quadrupole terms have matrix elements diagonal in J as well 

as one connecting J with J±2. The quadrupole operator in the Hamiltonian 

given above can be used only to calculated matrix elements diagonal in J 

and therefore formulae derived by Fano13 
were used in calculating the off .. 

diagonal matrix elements. This is equivalent to a second-order perturbation 

treatment of the quadrupole energy. 

The line intensities are c,alculated from the matrix elements of the 

dipole moment operator using the computed wave functions. 
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IV. DATA ANALYSIS AND DISCUSSION OF THE ELECTRIC-RESONANCE SPECTRA 

OF SOME ALKALI HALIDE MOLECULES 

A. 'I'he Radio-Frequency Spectra of 6Li 19F and 7Li l9F 

The 6 19 7 19 radio-f~equency. Stark spectra of Li F and Li F •rere observed 

first by Trischka et 
4 6 14 15 

al. ' ' and more recently by Gold, and by Wharton 
3 16 

et al. ' In the present work the resolution of the spectra is much better 

than previous experiments on LiF. The tables in this section compare the 

present work with that of Wharton et al. 3' 16
. The agreement is in general 

very good and indicates that a high degree of confidence can be placed in 

the dipole moments and hyperfine constants of LiF. 

Radio-frequency transitions of the type (J = 1, mJ = ±1) ---7 (J = l, 

mJ = 0) and (J = 2, mJ = ±2)---7 (J = 2, mJ = ±1) were observed for the low 

vibrational states of LiF at several Stark field voltages. The observed 

full width at half maximum (FWHM) for lines in the J = l rotational state 

of 
6
Li19F was 3.5 kc/sec when approximately 1200 volts was applied to both 

state selecting A and B fields and 2.2 kc/sec when the fields were lowered 

to 600 volts. Typical spectra illustrating this effect are shown in Figs. 

4 and 5. The effect is attributed to velocity selection by the deflecting 

fields, collimator, and stop system. With low voltages applied to the A 

and B fields, only those molecules which spend a longer time in the A and 

B field regions are deflected sufficiently to ~ass by the combination beam­

stop buffer-field and reach the detector. Thus the low deflecting field 

spectra utilize molecules from the low velocity portion of the effusion 

spectrum These molecules spend more time in the C field transitions region 

and consequently give a smaller natural line width. This increased re­

solution, however, is gained only· at the expense of intensity. Therefore 

the best spectra represent a compromise between line width and intensity. 

A spectrum of the type used in the 
6
Li19F analysis is shown in Fig. 4. The 

FWID4·for 7Li
19

F spectra in the J = l rotational state was 4.0 kc/se.c_. and 

3.0 kc/ sec for the J = 2 spectra. Figures 6 and 7 show typical spectra for 

the J =land 2 rotational states of 7Li
1

9F. 
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9000 6 Li 19
F v = 0 J =I , 

Ec= 400.00 V/cm 

7000 

0 
QJ 
Ul 
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Ul 
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5.40 5.45 
Frequency (Me I sec) 

MUB·3779 

Fig. 4. A typical spectrum of 61i l9F with 1200 V applied to the de­
flecting fields. The thin vertical lines represent the calculated 
spectrum. FWHM = 3-5 kc/sec. 
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6 Li 19 F v = 0 , J = I 

Ec = 400.00 v /em 
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Fig. 5- A typical spectrum of 
6
Li19F with 600 V applied to 

fleeting fields. The thin vertical lines represent the 
spectrum. FVlHl.f "" 2. 2 kc/sec. 

MUB-3778 
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7 Li 19F v = 0 , J = I 

Ec = 425.00 v /em 

4 

6.80 
Frequency 

6 

7.00 

MUB-3780 

Fig. 6. A typical spectrum of 7Li19F for the v = 0, J = 1 state The 
thin vertical lines represent the calculated spectrum. FWHM = 4.0 
kc/ sec. 
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3 

3.50 

7 Li 19 F v = 0, J• 2 
Ec = 6 25.bo v/cm 

4 5 

6 

7 

.3.60 
Frequency (Me/sec) 

8 

MUB·U99 

Fig. 7. A typical spectrum of 71119F for the v = 0, J = 2 state. The 
thin vertical lines represent the calculated spectrum. The dashed 
vertical lines to the right in the spectrum correspond to v = l 
peaks. The v = l spectral pattern is the same as that for v = 0 and 
it occurs at a slightly higher frequency. FWHM = 3.0 kc/sec. 
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The observed and calculated line positions used in the analysis 

of the spectra are given in Tables I, I1, and III. The listed uncertainties 

in line positions are the experimentally observed average deviatiocs. These 

uncertainties are in good agreement with the expected statistical uncer­

tainties, and are ± 40 cps for the most intense 7Li19F J = l lines and ± 20 

cps for a few J = 2 lines and the most intense lines observed in the 
6
1i19F 

spectra. Only resolved singlets were used to obtain best fits for the J = l 
spectra of 7Li

19
F. 

In the case of unresolved multiplets, calculated composite line 

positions were obtained by graphically adding component Hnes that had the 

experimental singlet line shape and calculated relative intensities. This 

technique was used to fit the r;pectra of 
6

Li 19F. The validity of the 

technique was checked by applying it to the unresolved multiplets in the 

v = 0, J = l spectrum of 7Li 19F after obtaining a best fit with the singlets. 

The observed and predicted composite line positions are in excellent agree­

ment as shown in Table II. 

The J = l and J = 2 spectra of 7Li19F were ~it independently. The 

agreement found between these two sets of results indicates a high degree 

of internal consistency. Excellent agr~ement was obtained between the 

calculated and observed LiF spectra for each of the vibrational and rotational 

states studied. In each case.the average deviation of the fit is comparable 

to or better than the experimental average deviation. 

The observed splitting for the low frequency doublet of 
6

Li19F, 

(J = 1, v = oL of 7.11 ± 0.06 kc/sec is somewhat larger than the value 

6.91 ± 0.07 kc/sec reported by Wharton et al.
16 

This splitting is important 

in the calculation of (eqQ)6Li' 

The dipole moments were calculated from data taken at 800 V/cm and 

also at 1500 V/cm in the case of 
6
Li19F.> This latter experiment at 1500 

V/ em utlliz.ed the improved voltage menfluring system and was used as {l. clv:ck 

against the earlier dipole moment determinations. There is excellent 

agreement between both sets of dipole moments and good agreement wi~h tho~e 
. 3 

of Wharton et al. These results are swmnarized in Table IV. 
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Table I. Observed. and ~alcub.ted line posj. tions for the J=l radio-fre­
ql,J.ency spectra of .or..il9F. All p:::>s-itions are given in kc/sec. 

Line Observed Line 
No. Positions 

l 
a 

1 
a 

2 
a 

. 5406. 6!.~ ± 0. 02 

. 5413.75 ± 0.04 

5440.55 ± 0.05 

5448.74 ± 0.02 

5654.69 ± 0.12 

5680.96 ± 0.08 

5689.04 ± 0.02 

Calculated 
Calculated Line Relative Line 

Positio~s Intensities 

5406.20 
5407.08 
5413.75 
5440.08 
5441.25 
5447.40 
5448.57 
5449.44 

5647.18 
5648.1!+ 

5654.69 

5680.47 
5681.69 

5687.65 
5688.87 
5689.71 

= 4oo V/ em 

94\ 
lOOj 
91 
52\ 
41/ 

40} 58 
94 

= 4oo vj ern 

Sf) 
33 

19\ 
15/ 

15.} 21 
35 

'(1, ±1)~(i,o), v = 2, Ec = 4oo V/cm 

13} 1 
a 

2 
a 

5899.02 ± 0.07 

5905.76 ± 0.25 

5932.01 ± 0.13 

5939.66 ± 0.07 

5898.86 
5899.18 
5905.7,6 

5931.68 
5932.48 

5938.70 
5939.51 
5940.24 

14 

13 

7\ 
6f. 

1~} 

Final Calculated 
Composite Line 

Positions 

5406.64 

5413.75 

5440.55 

5448.74 

5680.96 

'5899.02 

5905.76 

5932.00 

5939.66 
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Table II. Observed and calculated line positio~s for the J=l radio-fre­
quency spectra of 7Lil9F. All positions are given in kc/sec.' 

Calculated 
Line Observed Line Calculated Line Differences Relative Line 

No. Positionsa Positions ·Intensities 

(1, ±1)--?(1,0), v = 0 1 EC· = 425 V/cm 

1 (6739.60 ± o.o6) a .(6739.53 ± 0.07) +0.07 . 70 

lb ·6748.27 ± 0.19 6748.17 +0.10 26 

1 c 6759.57 ± 0.10 6759-58 ·-0.01· . 23 

2 6780.42 :t 0.04 6780.38 +o,o4 100 

3a (6816.58 ± 0.07) (6816.58 ± 0.07) o.oo 58 

3b 6825.05 ± 0.08 6824.97 +o.o8 64 

3c 6832.83 ± 0.18 6832.69 +0.14 18 

4 6851.90 ± 0.09 6852.08 -0.18 ·. 26 

5a · ( 6896. 48 ± o. o6) (68.96.55 ± 0.12) -0.07 103 

6 .6949.82 ± 0.04 6949 .. 85 -0.03· 100 

7a (6980.72 ± o.c5) (6980.52 ± 0.20) · +o:2o 72. 

7b. 6991.84 ! 0.16 6991.69 +0.15 23 

( 1, ±1)-?(1 1 0), v = 1, Ec = 425 V/cm 

1 7037.96 ± 0.25 7037.81 +0.15 10 -b 
1 7048. 92 ± 0. 12 7049.00 -0.08 8 c 
2 7069.16 ± 0.03 7069.17 -0.01 37 

3b 7113. 13 ± 0. 18 7112.97 +0.16 23 

. 3c 7120.53 ± 0.16 7120.44 +0.09 7 
4 7139.29 ± 0.15 7139· 43 -0.14 10 

6 7235.02 ± 0.03 7235.03 -0.01 37 

7.b 7276.09 ± 0.33 .7275.75 +0.24 8 
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Table II. (continued) 

Calculated 
Line Observed Line Calculated Line Differences Relative Line 

No. Positionsa Positions -Intensities 

( l, ±1)-~ (l,O), v = 2, Ec 425 V/cm 

lb 7339~27 ± O.ll 7339.25 +0.02 ·4 

l c 7350.27 ± 0.17 7350.27 0.00 3 
2 7369.53 ± 0.09 7369.58 -0.05 14 

jb 7413.00 :!: 0.28 ~na2.83 +0.17 9 

3c 7419.85 ± 0.31 7419.90 -0.05 .3 

4 7438.50 ± 0.28 7438.47 +0.03 4 

6 7531.89 ± 0.09 7531.84 +0.05 14 

7b 7571.45 ± o.i6 7571.42 +0.03 3 

~he numbers in parentheses refer to unresolved multipletes and calculated 
composite lines. They were not used in obtaining a best fit and are 
list~d here to illustrate the validity of t.he procedure used in fitting 
the DLil9p spectra. The uncertainties given for the calculated composite 
positions are the estimated uncertainties in the li'le synthesis. 
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Table III. Observed and calculated line positions for the J=2 radio-fre­
quency spectra of 7Lil9F. All positions are given in kc/sec. 

Cal~ulated Ca~culat~d Final Calculated 
Line Observed Line Line Relative Line Composite Line 

No. Positions Positions Intensities Positions Differences 

l 

2 
c 

3 
4 

5 

6 

8 

l 

3 
4 

5 

6 

8 

1 

3 
4 

5 

6 

8 

(2, ±2) ~(2, ±!), 

3418.82 ± 0.05 --3418.74 
3490.33 ± 0.04 3490-38 

v = o, Ec 
42 

35 
3508.51 ± 0.02 3508.55 94 
3424.53 ± 0.04 3524.50 55 

3)"'41.68 ± 0.05 3541.64 26} 
3541.84- 26 

3553-05 ± 0.02 3553.02 100 

36lJ.7.53 ± 0.05 3647.41 23\ 
3647.61 2~ 

< 2, ±2) ~c 2·, ±1), . v = 1, Ec 
3568.79 ± 0.12 3568.85 15 
3657.13 ± 0.03 3657.16 36 
3672.21 ± 0.09 3672.25 20 

3689.58 ± 0.05 3689 · 48 lO\ 
3689.67 10/ 

3700.19 ± 0.03 3700:17 

3792.99 ± 0.14 3792·88. 
3793.07 

37 

~ 

= 625 V/cm 

3418.74 . 
3490.38 

3508.55 
3524.50 

3541.74 

3553-02 

3647.51 

= 625 V/cm 

3568.85 
3657.16 
3672.25 

3689.58 

3700.17 

3792-98 

(2, ±2)~(2, ±1), v = 2, EG = 625 V/cm 
3724.98 ± 0.10 3724.88 6 3724.88 

3811.80 ± 0.01 3811.79 
3826.01 ± 0.02 3825-95 

3843.32 ± 0.08 3843 ·32 
3843.49 

3853-32 ± 0.01 3853-33 
. 4 6 3944.38 

394 -5 ± 0.09 3944.56 

13 

7 

~} 
14 

5} 

3811.79 
3825.95 

3843. 4o 

3853-33 

3944.47 

+o.o8 

-0.05 
-0.04 
+0.03 

-0.06 

+0.03 

+0.02 

-0.06 

-0.03 
-0.04 

.k o.oo 

+0.01 

+0.10 

+O.Ol 
+o.o6 

-0.08 

-0.01 

+Q.09 
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Table IV. Dipole moments for LiF. All values are given in Deby~s. 

1-Lo 

IJ.l 

I-L2 

1-!3 

IJ.e 

IJ.I 

1-Ln 

1-l·o 

IJ.l 

1-!2 

1-Le 

IJ.I 

1-Ln 

- Present resultsa 

(800 V/cm) 

6.32736 ± 0.001 

6.41473 ± 0.001 

6.50317 ± 0.001 

6.59273 ± 0.001 

6.28408 ± 0.0012 

0.08630 ± 0.00021 

0.000535 ± 0.00008 

6.32481 ± 0.001 

6.40723 ± 0.001 

6.49054 ± 0.001 

6.28393 ± 0.0012 

0.08153 ± 0.00030 

0.000445 ± 0.00012 

(1500 V/cm) 

- _6Lil9F - - - -

6.32753 ± 0.0002 

6. 412~89- ± 0. 0002 

6.50334 ± 0.0002 

6.28426 ± 0.00025 

0.08627 ± 0.00005 

0.000545 ± 0.00002 

7 .19 . 
~ - L1 F - - - -

Wharton et al. 3 

6.32764 ± 0.001 

6.41511 ±·o.OOl 

6.50341 ± 0.001 

6.59326 ± 0.001 

6.38446 ± 0.001 

0.08612 ± 0.00003 

o.ooo6o ± 0.00002 

~he accuracy of the dipole moments is limited by the uncertainty in the 
ab~olute value of the electric s.tark field; however J the precision of 
the results is at least an order of magnitude better and allows smaller 
errors to be reported for the coefficients in the dipole moment 
expressions. 
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The Stark effect interaction given in the Hamiltonian assumes a 
< 

ri'gid rotor configuration and neglects the effect of the vibration-rotation 

interaction. · This centrifugal distortion term is: l7 

~~E2 ~ Dv ( l ) J2 + J + m~ - l l 
w c . d. = hB v L - B v 

1 
+ e s ( 2J + 3 ) ( 2J - 1 )J 

where the dipole derivative parameter, l/8 , equals: 
s 

This effect is important for strong Stark field measurements and has been 

included in the LiF calculations. For. the J = l rotational state of 
6
Li19F, 

W d is - 0.2 kc/sec at Ec = 800 V/cm and - 2.8 kc/sec at EC = 1500 V/cm. c. . 
The observed dipole moments for the two isotopic species of LiF 

can be fitted to an expression of the form: 

I. 

~v - ~e + ~ (v + l/2) + ~ (v + l/2)
2 

I _II 

The equilibrium dipole moments, ~e' are the same within experimental error,. 

for 
6
Li1

9F and 7Li
1
9F. The coefficients ~I and ~II follow the isotopic 

dependence as predicted by theory. These quadratic expression coefficients 

are also given in Table IV. 

The 7Li19F quadrupole coupling constants were fitted to a quadratic 

expression, however, the magnitude of the coefficient of the quadratic 

term is well below experimental error and probably is not significant. The 

quadrupole coupling constants for. both LiF isotopes are summarized in Table V. 

When corrected to a common vibrational energy, the ratio of the 

quadrupole coupling constants is: .i • 

[(eqQ)e]6 /[(eqQ)e17. 
Li Li 

0.0205 ± 0.002 



(eqQ)o 

(eqQ\ 

(eqQ)2 

(eqQ)o 

(eqQ)~ 

(eqQ)2 

(eqQ)e 

(eqQ)I 

(eqQ)II 
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Table v. Lithium quadrupole coupling constants for LiF. 
All values are given in kc/sec. 

J=l 

415~5 ± 0.4 

4o6.o ± .o.8 

395-7 ± l_.2 

Present resuits 

J=l 

8.5 ± 0.8 

8.9 ± 1.2 

7-1 ± 2.0 

. J=2 

415-7 ± 0.5 

4o6.2 ± o.8. 

396.8 ± 0.8 

a Average 

415.6 ± 0.4 

4o6.1 ± o.6 

. 396.5 ± 0.8 

420.3 ± 0 .. 8 

- 9.4 ± 1.2 

-0.05 ± 0.9 

. J=l 

7-3 ± o.4 

J=l and 2 

416.02 ± 0.6 

2 
(eqQ)v = (eqQ)e + (eqQ)1(v + l/2) + (eqQ)11(v + 1/2) 

a .. 
Least squares average of J=l and J=2 constants. 



This value is in .agreement with i..he ratio of nuclear quadrupole moments 
. 18 . 

reported by Cranna, ~/Q71i = 0 .. 019 ± 0.001; the value O.C23 ± 0 .. 002 

reported by Schuster and Fake; 19 and the value 0. 0176 ± 0. 001 :;f vT..1.arton 
16 

et al. 

The spin-rotation interaction arises from the magnetic coupling of 

the nuclear magnetic moments with the magnetic field of the rotating 

molecule. The spin-rotation interaction constant can be expressed as 
20 

directly proportional to !J.NgnB where !J.N is one nuclear magneton, gn 

is the nuclear g factor and B is the rotational constant. The lithium 

and fluorine spin-rotation constants both agree with the calculated isotope 

ratios. The spin-rotati~n constants are given in Tables VI and VII. The 

differences between the J = 1 and J = 2 values reported for c~, . are at the 
IL1 

limit of the combined experimental errors and may not be significant. 

Best fits to the observed spectra of 7Li 19F were obtained by setting 

c4 equal to zero and c3 equal to the calculated c
3
(dir). The fits 

obtained for the J = 1 spectra and especially those obtained for the J = 2 

spectra of 7Li19F indicate there is no justification for the inclusion of 

c4 in these calculations or for assigning any value other than c
3

(dir) 

to c
3

. In this respect the present results differ ~rom those of 

Wharton et a1.
16 

and are compared in Table VIII. In all 
6
Li19F calculations 

c
3

(dir). was used for c
3

, and c4 is assumed to equal zero. 

B. The Radio-Frequency and Microwave Spectra of 23wa19F 

Recent electric-resonance studies21 ' 22 ' 23 of NaF have now been re­

ported and serve as a comparision with the present work.
24 

Earlier radio­

frequency sllectra by the magnetic-resonance method25 , 26 had given somewhat 

less accurate values for the sodium quadrup0le coupling constants than those 

now reported by the electric-resonance method. 

Radio-frequency transitions of the type (1, ±l)--7 (1,0) and (2, ±2) ·~ 

(2, ±1) were observed.for the low vibrational states of NaF. For the J = 1 

rntationnl state, the spectrum consisted of six ma,jor liw~ groups with hyper-
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Table VI. Lithium spin-rotation interaction constants) c
1

iJ for LiF. All 
values are given in kc/sec. 

Vibrati:mal 
state 

0 

l 

2 

0 

1 

J==1 

1.81 ± o.o6 

l. 78 ± 0.0$ 

1. 75 ± 0.10 

Present results 

J=1 

0.71 ± 0.08 

0.71 ± 0.12 

0-73 ± 0.20 

- - _7Li19F 

J==2 Average a 

1.89 ± 0.03 1.87 ± 0.03 

1.85 ± 0.04 1.84 ± 0.04 

1.80 ± 0.04 1. 79 ± o.o4 

~east squares average of J==l and J==2 constants. 

. 16 
Wharton et al. 

J==1 and 2 

1.80 ± 0.03 
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Table VII. Fluorine spin-rotation interaction constants, cF, for LiF. 
All values are given in kc/sec. 

Vibrational 
State 

0 

l 

2 

0 

l 

2 

J=l 

32.75 ± 0.3 

32.20 ± 0.} 

31.90 ± 0.4 

Present results 

- -

J=l 

36.75 ± 0.4 

36.08 ± 0.5 

35.66 ± 0.7 

- 7Li 19F -

J=2 Average a 

·32.65 ± 0.2 32.68 ± 0.16 

32.20 ± 0.3 32.20 ± 0.22 

31.80 ± 0.3 31.84 ± 0.24 

a .. . 
Least squares average of J=l and J=2 constants. 

16 
Wharton et al. 

J=l and 2 

32.37 ± 0.3 
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Table VIII. Spin-spin interaction constants, c
3 

and c4, for LiF. 
All values are given in kc/sec. 

Vibra­
tional 
state 

0 

l 

2 

0 

1 

2 

c4 c3 
a 

Present results 1.6 a Wharton et al. Present results Wharton 
16 

et al. 

_6Lil9F - - - -

J=l J=l 

4.307 ± 0.08 o.oo ± 0.15 

4.224 ± 0.12 0.00 ± .0.20 

.-4 •. 140 ± 0.20 '0.00 ± o.4o 

_7Lil9F-

J=l and 2 J=l and 2 J=l and 2 J=1 and 2 

11.382 ± 0.020 ll-.390 ± 0.015 o.oo ± 0.08 0.21 ± 0.04 

11.173 ± 0.030 o.oo ± 0.11 

10.964 ± 0.030 o.oo ± 0.14 

8
Best fits were obtained using the ca_lculated c3(dir). fo~the value of c~. 
Thus in the present results, c

3
= c

3
(dlr) .. _The uncertalntles refer to tlre 

deviations which c
3 

and c4 may make while obtaining a fit to the data. 
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fine spli ttings re_sol vable in five of the six gr::mps. Figure 8 shows the 

v = 0, J = l spectrum of NaF at a Stark field of 250 V/cm. The observed 

full width at half maximum intensity for resolved singlets \vas approximately 

3 kc/sec, in agreement with the theoretical uncertainty line broadening. 

The signal-to-noise ratio was approximately 20 to l for observed transitions 

of the v = 0 vibrational state. Also sho1m in Fig. 8 are the calculated 

line positions and their relative intensities. 

Figure 9 shows the v "" 0, J = 1 and 2 energy levels of NaF, with 

respect to the Stark field strength, and the observed six major radio­

frequency transitions in the absence of spin-rotation and spin-spin hyper­

fine structure. 

The J = l ~J = 0 microwave transitions were observed by setting 

the Stark field and radio-frequency to give a maximum signal for a prominent 

line in the reorientation spectrum) i.e. a J = l, mJ = ±1-7 J = 1, mJ = 0 

transition. ·The microwave frequency was·then swept and resonant frequency 

observed as a decrease in the radio-frequency "flop-in" signal due to 

depletion of the final state by a rotational transition of the type J = 1, 

mJ = 0-? J = 0, mJ = 0. The decrease amounted to more than a 4Cf'/o reduction 

in the "flop-in" Stark signal. The microwave line widths at half maximum 

were approximately 30 kc/sec. 

Figure 9 shows the two major microwave transitions that could be 

observed for NaF using the above technique. Transitions labelled type II 

were observed for the first three vibrational states at a Stark field of 

50 V/cm and both t"ype I and II transitions were observed for these vibra­

tional states at a field of 4oo V/cm. 

Table IX lists the observed and calculated line positions of NaF 

for the J = 1 and J = 2 rotational states. In the case of unresolved 

multiplets, calculated composite line positions were obtained by graphically 

adding component lines that had the experimental singlet line shapes and 

·calculated relative intensities. 
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No F v=O, J =I 

Ec = 250V/cm 

I I 

10.96 11.59 11.60 12.92 12.93 
Frequency (Me/sec) 

I I ff-----r-__l 

13.56 13.57 14.60 14.61 

MUB- 2759 

Fig. 8. A typical ~adio-frequency spectrum of 
23

Na
19

F i~ the v = 0 
vibrational state. Transitions of the, type (11 ±1) ~(1 1 0) were observed 
at an electric field strength of 250 V/ em. 
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30 MF 
I 

NaF v= 0 1/2< 
3/2 

20 

J= I 

~ 
III 

0 

- 1/2 
5/2 

0 3/2 
Q) 1/2 
tJl 

........ -26060 
0 

~ -

1/2,3/2 
0 100 200 300 400 500 

Electric field (V/cm) 

MUR-2760 

fig. 9· · The energy levels of .23Na19F with r~spect to the electric 
field strength. Arabic numerals refer to observed radio-frequency 
transitions and Roman num,erals refer to microwave transitions. 

~1 == mJ + ~Na. 
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Table IX. Observed'·and calculated line positions for the radio-frequency 
· · spectra of 23Na 19F 

Calculated 
Line Observed Line Calculated Line Relative Line 

N'J. Positions·. (kc/.s~c) Positions(~c/=.;(~c) Intensities 

1 
a 

2 
a 

3 

4 
a 

(1, ±1)~(1,0), v == o, Ec = 250 V/cm 

9909.39 ± .17 

9913.97 ± .24 

10945.08 ± .11 

10953.47 ± .11 

11592. 12 ± • 30 

12921.04 ± .09 

12928.55 ± .29 

13564.69 ± .14 

14601.13 ± . 35 

14606.48 ± .13 

9909.30 

9912.84 

9915.12 

10945.0Lt 

10953· 42 

11591.02 
11591.15 
11593.31 
11594.19 

12920.77 
12921.84 

12928.84 
13564.39 
13566.21 

13569.24 
14600.03 
14602.63 

14605.66 
14607.03 

31} 
31 

100 

100 

18 
18 
18 
18 

37} 
18 

18 

:} 
49 

32} 
31 

32} 
32 

Final Calculated 
Composite Line 

P·osi tions(kc/ ~ec) 

9909.30 

9913.98 

10945.04 

10953.42 

11592.42 

l292l.Qlj. 

12928.84 

13564.84 

13569.24 

14601.33 

14606.35 
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Table IX (continued) 

Calcul,ated Final Calculated 
Line Observed Line Calculated Line Relative Line Composite Line 

No. Positions~c/sec) Positions(kc/sec) Intensities Positions (kc/sec) 

( l, ±1) -) ( 1, 0), v = 1, Et = 2 50 V /em 

1 10256.39 ± .17 > 10256.34 23 10256.34 
a 

1 ' 10260.78 ± • 30 10259.89 ll) 10261.03 
b 10262.17 11 

2 11280.3~ ± .14 11280.40 37 11280.40 
a 

2b 11288.85 ± .14 11288.85 37 11288.85 

11915.98 7 

3 11917.19 ± .27 11916.13 .7 11917.39 
11918.26 7 
11919.17 7 

4 13229.51 ± .11 13229.19 1~} 13229.47 
a 13230.30 

4b 13237.27 ± .20 13237.30 7 13237.30 

"' 13862.36 ± .14 ).-3861.75 36} 13862.23 ./ a 13863.65 18 

5b 13866.77 ± .27 13866.68 18 13866.68 

6 14887.71 ± .12 14886.39 12) 14887.69 
a 14888.98 12 

6b 14892.75 ± .17 14892.02 12} 14892.71 
14893.39 12 



Line 
No. 

1 a 

1b 

2 a 

2b 

3 

4 
a 

5 a 

6b 

2 
a 

2b 

3a 

3b 

c::; 

-'a 

5b 
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Table IX (continued) 

Calculated 
Observed Line Calculated Line Relative Line 
Positions(kcysec) Positions~c/sec) Intensities 

(1, ±1) --4(1,0), v = 2, EC = 250 V/cm 

10611.71 ± .32 10611.60 9 

10616.08 ± .37 10615.14 4\ 
10617.38 4f 

11625.03 ± .19 11625.08 14 

11633· 55 ± .20 11633.42 14 

12250.20 3 

12251.75 ± .40 12250.35 3 
12252.44 .3 

12253.35 3 

I 13547.43 :} 13547.85 ± .16 
13548.56 

14170.18 ± .23 14169.90 li 14171.79 

15189.79 ± .23 15189.18 ~} 15190.54 

(2, ±2)--4(2, ±1), v = o, E = 500 V/cm 
c 

10734.62 ± .08 10734.70 100 

10740.86 ± .08 10740.86 100 

11134.86 ± .24 11134.89 32 

11139· 07 ±. . 29 11i38.74 14} 
11139.69 14 

12484.89 ± .15 1248tf. 90 95 

12488.27 ± .21 12488.26 95 

Final Calculated 
Composite Line 

Positions (kc/sec) 

10611.60 

10616.26 

-11625.08 

11633· 42 

12251.59 

13547.71 

14170.37 

15189.86 

10734.70 

10740.86 

11134.89 

11139.21 

12484~90· 

12488.26 

-



The dipole moments for the first three vibrational states and the 
' .···:· 

coefficients of the quadratic dipole expression are given in Table X. The 
21 

than those given by Bauer and Le"r, 
' I 

dipole moments are significantly lower 

but agree \vi bh those reported by Gr'a"ff and Werth. 
22 

The quadrupole coupling constants have also been fitted to an expres­

sion quadratic in vibrational number.' The quadrupole coupling constants 

for the first three vibrational states and the terms of the quadratic ex­

pression are given in Table XI. The coefficient of the quadratic term is 

required for a best fit, although it is just at the limit of the experi­

mental error and may not be significant. 

The sodium and fluorine spin-rotation interaction constants did not 

show any significant change w:Lth vibrational state and are given as: 

c = 1.4 ± 0.5 kc/sec Na 

cF = 2.0 ± 0.3 kc/sec 

In a first attempt to obtain a. good fit between the observed and 

calculated line positions, the calculated value of c
3
(dir) was used as 

the input for c
3 

and only the parameters ~v' (eqQ)v' cNa' cF' and c4 

were varied. However, a good fit could not be found until c
3 

was also 

varied. The experimentally determined value of c
3 

is 3.85 ± 0.25 kc/sec, 

while ?
3
(dir) is calculated to be 4.157, 4.101, and 4.046 kc/sec for the 

v = O, l, and 2 vibrational states, respectively. No significant change 

with vibrational state was observed for c
3

. The difference between c
3
(dir) 

could be attributed to an indirect spin-spin interaction contribution, 

c3 (in~). Because of error limitations, however, this may not be significant. 

Calculations indicate that c4 can not be reliably determined with 

the present line widths (~3 kc/sec) and line position accuracies (~200 cps). 

However, an upper and lower limit of + 400 cps and - 100 cps, respectively, 

can be placed on this quantity. 
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Table X. Dipole moments 23 19 for Na F 

1-lo 8.15576 ± 0.001 Da 
J.le = 8.12349 ± 0.0015 D 

J.ll = 8.22086 ± 0.001 D J.li o.o6L~36 ± 0.0008 D 

J.l2 8.28670 ± 0.001 D J.ln 0. 0003'( ± 0.0003 D 

J.l = J.l + J.l v e I ( v + l/2) + J.lii ( v + l/2 )
2 

~he accuracy of the dipole moments (± 0.001 D) is limited 
by the uncertainty in the absolute value of the electric 
Stark field; however, the precision of the results is at 
least an order of magnitude better (± 0.0001 D). 

Table XI. Sodium quadrupole coupling constants for 23Na19F 

(eqQ)o 8440.1 ± 1. 5 kc/ sec ( eqQ) e 8498.0 ± 2.6 kc/sec 

(eqQ\ 8327.9 ± 1. 5 kc/ sec ( eqQ)I = + 117.0 ± 4.1 kc/sec 

. ( eqQ)2 - 8220.5 ± 2 kc/sec ( eqQ)II= 2.4 ± 2.5 kc/sec 

(eqQ) = (eqQ) + (~qQ)I v . e 
(v + l/2) + ( eqQ) 

II 
( v + 1/2 )

2 



The present hyperfine interaction constants are in agreement lvith 

those reported in other electric-resonance studies 21, 22 of NaF. 

The observed microwave transition frequencies were corrected for 

Stark and hYJ?erfine splitting by using the dipole moments and hyperfine 

constants determined in the radio-frequency experiments. 

Microwave transitions were observed using Stark fields of both 50 

V/cm and 4oo V/cm. With the stronger field the uncertainty in the Stark 

correction is approximately 10 kc/sec whereas with the weaker field this 

correction is well under i kc/sec. Thus, although both results agree well 

within the experimental error, only the more accurate weak field results 

are given. 

Table XII lists the observed microwave frequencies, the Stark and 

hyperfine corrections, and the corrected microwave frequencies. 

The spectroscopic constants were determined using the familiar 

Dunham expressions. 27 The vibrational constants, m· andm x, as given by · e e e , 
Ritchie and Lew

28 
for NaF were used to calculated D and B . Table XIII 

23 19 e e 
s~~Brizes the spec~roscopic constants for Na F as determined from the 

present work and those given by Bauer and Lew. 
21 

C. The Radio-Frequency Spectra of 39K35cl and 39K37cl 

The electric-resonance microwave spectra of KCl were observed pre­

viously by Lee et al. 
29 and values were repor-ted for the rotational con­

stants, quadrupole coupling constants, and dipole moments. The dipole 

moments were determined from weak field spectra and exhibited a rather 

large variation with vibrational state. The present work was therefore 

undertaken to observe strong field spectra where a more accurate determina­

tion of the dipole moment could be· made. 

From the di_scussion of Chapter II it follows that in an inhomogeneous 

electric field the amount of beam deflection is proportional to the product 

of the effective dipole moment, ~e' and electric field gradient, dE/dx. 
• 11 

A negative effective moment is requi.red in the B field in order to do flop-

in" experiments as discussed previously. From the (1,0) curve in Fig. 2 it 



Table XII. Observed microwave transition frequencies and Stark-hyper fine corrections. 
All transitions were observed at ~ = 50.0 V/cm. · 

J = 0 and J.= l 
Vibrational Line Observed Transition Stark and Hyperfine Corrected Transition 

State Number Frequencies (Me/sec) Corrections (Me/sec) Frequencies (Me/ sec) 

I v = 0 II 26062.1602 ± 0.0025 2.6771 ± 0.0005 26059.4831 ± 0.0030 r--
I<\ 

I 

v = l II 25791.6142 ± 0.0035 . 2.6657 ± 0.0005 25688.9485 ± o.oo4o 

v = 2 II 25523.8680 ± 0.0050 2.6560 ± 0.0006 25521.2120 ± 0.0056 
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Table XII'I. Spectroscopic Constants for 23Nal9F 
...... 

Present Results 21 Bauer and Le11 

D (-
e - Y02) 0.0347 ± 0.0003 Mcjsec 

0.00024 ± 0.00004 Me/sec 

0. 0347 ±. 0. 0003 Hcj sec 

~e (- - yl2) 

YOl ( -B ) 
e 

Yll (- -ae). 

y2l, (- "~e) 

B e 

13097.970 

136.667 

0.6995 

13098.029 

l3029.8ll 

l289L~. 543 

± 0.005 Me/ sec 13097.971 ± 0.003 I:Ic/ sec 

± 0.007 Me/ sec 136.665 ± 0. oo!+ !vic/ sec 

± o.ooJ~ Me/ sec 0.700 ± 0.001 Me/sec 

'± 0.060 r4c/ sec 13098.032 ± 0.035 Me/sec 

± 0.002 Me/ sec 13029.813 ± 0.001 Me/sec a 

± 0.003 Me/sec 12894·. 5118 ± 0.001 Me/sec:. a 

12760.674 ± o. ool~ Me/ sec 12760.683 ± 0.001 Mc/seca 
') 

~v = Y01 + yll ( v + 1/2) + Y (v + 1/2)~ 
21 

ait is not clear whether the uncertainties given here represent the total 
expected error or simply the precision of measurement of the observed 
frequencies. 
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can be seen that the maximum negative moment is at approx5.mately A 2. 

This A value corresponds to a small field and consequently small gradier:.t. 

The resultant deflection is not as large as the straight-through beam width· 

(~0.005 in.) and therefore sufficient signal intensity can not be obtained 

with the (1,0) state molecules. Hovreve~·_, for the (2,0) state, larger A 

values still give a large negative effective moment and sufficient deflection 

is possible. Therefore J = 1· spectra could not be observed and the observed 

radio-frequency spectra were pr-oduced by transitions of the type (2, ±1) ~ 

(2,0) in the low vibrational states. 

The usual corrunercial tune;sten wire exhibits a large potassiumnoise 

level. In this experiment use o,f a specially treated tungsten wire, in which 

the alkali contamination had been largely removed, reduced the potassium 

background noise level by a factor of 50 over the corrunercial wire. 

A typical KCl resonance in the v = 0 vibrational state had a full 

width at half maximum of 20 kc/sec and a signal-to-noise ratio of only 2 

to 1. Better statistics of the observed spectra were obtained by computer 

addition of several runs with a resultant increase in the S/N ratio. Fie;. 10 

illustrates the effect of adding several spectra of a typical KCl resonance. 

This technique made possible the analysis of v = 2 spectra, not observable 

with a single spectral run. The observed and calculated line positions for 

KCl are listed in Table XIV. 

The six major observed resonances of the J = 2 spectrum were due to 

the potassium quadrupole splitting of the single Stark transition. There 

was no resolution observable in these six major peaks and therefore addi­

tional hype-rfine interaction constants could not be determined; however,. 

upper limits on these constants could be set by considering the line widths 

of the peaks. 

Table XV surrunarizes the present dipole moment determinations and 
- 29 gives comparison i-Ti th those of Lee et al. _ There are large differences 

between the two sets, however the present results now exhibit the ex~ected 

vibrational variation of the dipole moment.· 
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29.530 29.550 

Frequency 

39K 35CI 

v=O J= 2 m = ± l -+ 0 
. I I J 

E c = 600 V /em 

29.570 29.590 

(Me/sec) 

MU B 12114 

Fig. 10. A typical ' 9K35c::.. resonance in the v = 0, J = 1 state. The 
top figure illustrates the effect of adding ten spectral runs 
( L e. bottom figure) of the resonance. 
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Table XIV. Observ¢d and calculated line positions f::Jr the radio-frequency 
spectra of KCl. All positions are given in kc/sec. 

Observed 
line positions 

Calculated 
line positions Differences. 

29,561.2 29,559.8 

30,379.2 30,380.4 

30,481.8 30,483.0 

30,920.0 30,921.5 

31,025.2 31,024.0 

31,845.8 31,844.5 

39K35Cl; (2, ±1)--7 (2,0), v = 1, E = 6oo V/ em 
· Observed line error is ±2.5 kcfsec. 

+1.2 

+1.2 

+l. 5 

-1.2 

-1.3 

30,140.2 30,142.1 +1.9 

30,959·3 30:,956.3 -3.0 

31,058.0 31,057.8 -0.2 

31,490.1 31,493.1 +3.0 

31,593.6 31,594.5 +0.9 

32,411.5 32,408.7 

39K35cl; · (2, ±1) --7(2,0), v = 2, E = 6oo V/ em 
Observed line error is ± 4 kc/~ec. 

30,739 

31~538 31,538 

31,640 31,637 

32,064 32,065 

32,162 32,164 

32,9'63 

~2.8 

0 

-3 
+l 

+2 
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Table XIV. (continued) 

Observed 
line positions 

Calculated 
line positions Differences 

39K37cl; (2; ±1)~(2,0), v == o, E = 6oo V/cm 
Observed line error is ±4 kc/s~c. 

30,506 

31,327 31,329 
31,431 31,431 
31,'874 31,872 

31,972 31,974 
32,'(97 

-I 

+2 

0 

-2 
+2 
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' Table XV. Dipole moments for KCl. All values are given in Debyes. 

Present results 

__ '39K35Cl __ 

10.26875 ± 0.0010 

10.32875 ± 0.0015 

10.3877 ± 0.0022 

10.23878 ± 0.001.2 

o.o6ooo ± o.ooo9 

~ = ~ + ~ (v + l/2) 
v e I 

__ 39K37Cl ___ _ 

10.2683 ± 0.0022 

Lee et al.29 

10.48 ± 0.05 

10.69 :!: 0.05 
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The potas:~:Lwn quadrupole coupling constants, in good agreement with 

those reported by Lee et al., 29 are as follows: 

(eqQ)o 5661 ± 10 kc/ sec 

( eqQ)l - - 5615 ± 20 kc/sec 

( eqQ)2 - - 5510 ± 80 kc/sec 

( eqQ) 0 - 5675 ± 80 kc/sec 

An upper limit of 200 kc/sec .can be· placed on the absolute value 

of the chlorine· quadrupole coupling constant for all vibrational states. 

Also an upper limit of 2 kc/sec can be placed on both spin-rotation 

interaction constants, cK and eel· 
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V. A POLARIZABLE ION MODEL OF THE ALKALI HALIDE MOLECULES 

A. Introduction 

Bonding in the alkali halide molecules is generally assur.1ed t8 be 

strongly ionic and this has been the basis of several attempts30, 3l,32 to 

propose a simple ionic model of the alkali halides. 

Rittner33 fir~t used such an ionic model, consisting of polarizable 

ions, to predict and correlate the dipole moments and dissociation energies 

of the alkali halides. He assumed that the alkali halide molecule is com­

posed of two ions, each of which is polarized by the electrostatic field 
' - 30 

of the other. Using. thesame approach as Debye, who first treated the 

polarizable ion problem, the total molecular dipole moment can be expressed 

as: 

( l) 

Here +e and -e are the charges on the ions; I-Ll and !-L2 are the induced 

dipole moments, and r is the internuclear separation. Designating the 

electrostatic field at the center of each ion as El and E2 and the dipole 

polarizabilities as C)_ and a2, the induced moments can be written as: 

I-Ll == alEl a ( ~ + 
2~2) (2) 

l 2 3 
r r 

- . 

( 2 ) == a2E2 
- e I-Ll 

(3) 1-12 == a2 2 + T 
r r 

Solving these equations simultaneously and substituting into Eq. (l), we 

obtain: 

( 4) 
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Using the crystal lattice theory of Born,3l,32 Rittner expressed 

the potential energy as: 

The ¢ term arises from electrostatic interactions between the ions: 

charge-chargej charge-dipole, and dipole-dipole interactions. This is 

written as: 

The rema1n1ng terms of the potential energy are the exponential repulsion 

term, Ae-r/p, and Vander Waal's term, -c/r6, where c is a measure of the 

attractive force between the ions and can be estimated by the method of 

London. 34 

The repulsion constants, A and p, are determined by use of the 

relationships: 

~~:)r=r = 0 

e 

(5) 

~~~) k 

r=r 

(6) 

e 

The force constant, k, is related to the vibrational frequency, v
0

, by the 

relationship: 

where 

""0 = ·l/27T /k . -y~ 

v / = w (the vibrational constant) and I-LA is the reduced mass. o c · e 
Rittner used.Pauling's polarizabilities35and experimental spectro-

scopic cotistants to calculate the dipole moments, 1-l, and dissociation 

energies, W, of alkali halieies. In general the comparison bet1veen Rittner's . e 
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predictions and e:xperimental values ·..ras go<?d, ho-vrever the available experi­

mental data was not very complete ar accurate, especially in the case of 

the dipole momentsj and a good test of this model could not be made. 

H . t 1 36 " d R I om.g e a . extenae i ttner s model to predict the Dunham co-
. 27 

efficient a1 · The potential energy W(r) can be expanded about r 
e 

and written as: 

W(r-r ) 
e 

or written in the usual Dunham form as: 

w w + a 2 3 
0~ + a a

1 
~ + ..... .e 0 . 

r-r kr2 
where ~ 

e and e. a -2-r 0 e 

and the second Dunham coefficient is defined as_: 

r 3w~ I' (r ) 
e e 

(r-r .)3 
+ __ ..!:___ W" 1 (r ) + .... 

3l e 

. (7) 

-
The coefficient . a1 can therefore be calculated knowing the form of the 

potential energy curve and compared to the experimental value: 

-Ct (l) 
e e 

6B 
2 

e 

- 1 (8) 

Honig et al. found that the agreement was not always good, especially for 

the lithium halides. 

Klemperer et al., 37~3S, 39 using more recent experimental data, also 

examined this model and found that the experimental dipole moment values 

did not always agree with predictions. They noted that if the polari za-­

b'ili ties apply to a crystal -vrhere the ionic fields are relatively low due 

to symn~try, then they must be adjusted for diatomic molecules where the 
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fields are higher. Therefore they concluded that the polarizabilities 

should exhibit a saturation effect in diatomic molecules and derease with 

field strength. They forced the dipole moments to agree with experimental 

values by ch:anging the halide polarizabilities and then calculated the 

.values of the dissociation energy, We' and the Dunham coefficient, a
1

. 

Using an inverse powere function, D/rn, as the form of the repulsion 

energy, they found the agreement with experimental data not as good as with 

the usual ~xponential form, Ae-r/p. 

They also used the model to predict dipole variation with vibrational 

state, however the available experimental data was so poor that a good 

comparison with the predicted values could not be made. 

Klemperer · et al. also considerE;d several forms of the electrostatic 
2 

term, ¢, of the potential energy. Using a point charge model, ¢ = - e /r, 

they found adequate prediction of We and a
1

, but not of ~· Inclusion of 

dipole polarizabilities, as in Rittner's model, was required for a dipole 

moment fit. Howeyer consistency required that higher polarizabilities 

also be included. 'l'hey therefore used a spherical conductor form of the 

electrostatic potential which included the higher polarizabilities of the 

halide ion. The net result was that agreement with observed and calculated 

values of a1 was destroyed from the earlier agreement obtained with in­

clu~ion of only Aipole polarizabilities. 

Now with still more experimental data available, re-examination of 

this model of the alkali halides has again been undertaken with two initial 

considerations. Klemperer has forced the dipole moments to fit experi­

mental values based on the argument that Pauling's polarizabilities are from 

a weak field determination and do not apply to the strong field case of the 
40 41 

gaseous alkali halides. Cohen, '' however, has shown that the polari-

zabilities do not necessarily decrease with increasing field strength, as 

KlemiJerer has argued. Therefore Klemperer's interpretation of the polari­

zabil i ties might not be correct and tt 1.s obvious that Pauling's p:)l~'ll'i­

zabU.i.ties do nol c;i. ve a good predi.eti on of dipol_,-:) mom<::nt.s. For this· reason 

it seems warranted to give further study·to the polar:izabilities. 



Also, as :f5:~emperer noted, the mod~l ).0 01~·:>~;: to be consistent must 

include contributions from higher electrostatic :i..atcre.ctions between the 
' ) 

ions, ihat is charge-multiuole and multinole-rr1.J.).:\:5 .. -:::J..c terms. The present 
\ ,I.. • .... -. • 

work therefore approaches the problem by including several e~fects, pre­

viously neglected, in an effort to obtain a consistent model for predicting 

the values of the dissociation energy, We'· the Dunham coefficient, a
1

, and 

the dipole moment, !-l, of the alkali halide molecules. 

B. The Polarizabilities 
42 . ·' 

Recently Bruns has calculated the dipole, quadrupole, octupole, 

and hexadecapole polarizabili ties in· order to determine t,he anUshielding 

factors for an interpretation of the quadrupole coupling constants in the 

alkali halides. The polarizabilities were calculated for the alkali halide 

internuclear distances and were often much smaller than those for the free 

ion. These polarizabilities also exhibited a variation with internuclear 

separation, that is they increased with increasing r. These results seem 

consistent since it would be expected that the polarizability should de­

crease with charge penetration. At alkali halide internuclear distances 

the positive al~ali core penetrates the electron density of the l~rge halide 

ion, b~t the electron density is penetrated only for a few of the alkali 

ions, and thus this penetration effect is primarily important in the case 

of the halide polarizabilities. 

I.t seems reasonable to expect the polarizabili ties to fit a curve 

varying from zero at r = o'to the free ion value at some finite r value, 

R. This R value, approximating the limit of the electron distribution 

contributing to the polari.zability, should be larger for higher polariza-. . 
bilities since the contribution from the outer part of. the electron distri­

bution becomes much larger for the higher polarizabilities. 

Using the variation of parameters method Bruns calculated the po-

larizabilities for the F and Cl ions at several values of r. He assumed 

a cancellation of the p..-+s and s-+p contributions to the dipole calculation. 

However, Sternheimer 43 has sho\m that these terms do not cancel in the case 

.· 
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of the halides. The higher polarizabil1ty calculations of Burns include 
' contributions from all terms and should indicate the behavior of these 

polarizabilities, at least in the case of the alkali halides. 

In analyzing Burns' results it can be seen that the slope of the 

polarizability curve increases and the curve is displaced to higher r 

values as one goes to higher polarizabilities. Therefore one would like 

to propose a simple variation of the polarizability with internuclear seper­

tion, r, which would satisfy these conditions. Burns' data for the F and 

Cl ions can be fitted to curves of the form: 

a~ = ~(free ion) sin
2

n (lLclr l 
2 0 

(9) 

n Here a . . is the polarizability at r where n ~ 1,2, .... represents the 

dipole,~ quadrupole, .... polarizabilities. The crystal radii,· r , of Pauling 
44 . 

0 

give a reasonable representation of the variation of electron distribution 

as a function of the ion. Several approaches have been used in calculating 

free ion polarizabHHies, ~(free ion),· and for the present calcul.ationo 

a consistent set45 of dipole polarizabilities, obtained from a semi-emperical 

extrapolation of the polarizabilities of the positive ions (estimated from 

spectroscopic data) and the measured polarizabilities of the rare gases, 

has been used for the halide ions. 

ion 

I 

This set is: 

~(free ion)(A)3 

1. 70 

5.04 

6.90 
10.50 

Pauling's polarizabilities35 are used for the alkali free ion value. At 

the lithium halide internuclear distances the above .halide set gives dipole 

polarizabilities which are qui;te close to Pauling's ~alide values, but for 

\ ' 
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the other alkali halide distances they are considerably larger. The higher 

free ion polarizabilities, calculatedfrom the dipole ion values, ~sing a 

spherical conductor model, are given as: 

. n( \ a. free ion, 
l 

2n+l 
a 
~ 

where a. is the radius of the spherical conductor. 

(10) 

Burns' values for the octupole and hexadecapole polarizabilities 

are somewhat higher than what Eq. (9), using the above set of halide 

polarizabilities, would predict. It should be pointed out that the cal~ 

culation of the higher polarizabilities must treat the problem accurately 

for large r, and Hartree-Fock wave functions may over-estimate the con­

tribution of terms at large r and thus give polarizabilities too large. 

Although the proposed polarizability function is at best, a good 

guess, it does adequately fit the available data for the alkali halides. 

This function seems to represent a reasonable variation with r and cal­

culations have even shown that the potential energy function is quite 

insensitive to the exact form of the polarizability function at alkali 

halide internuclear distances, especially in the case of the higher po~ 

larizabilities. 

C. The Potential Energy 

The general form of the potential energy function: 

6 
W = cf> + cf> - c/ r E R (ll) 

contains an electrostatic term, cf>E' a repulsion term, cf>R' and Vander Waal's 
6 

term, -c/r . 

The cf>E term arises from electrostatic interactions between the ions 

and, as previously noted, conntsterwy requires the ind usi.lm of contri.lmt ions 

from all mul tipole terms. 'rhis has therefore been the approach of the 

present ·treatment of the electrostatic term. 
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If we consider the all~ali halide molecule of hro polarizable ions 

with a positive charge at ion A and a negative charge at ion H with H-A 

the z. direction, the general form of the potential at site H due to an 
. 1 . 46 

induced 2 moment at site A is: 

PA(£) P.(cos 8) n 
k 1. c ·) a" (1'1 

·V = •+l = ( -1) PA ;_ ·- _,. 
" " J. i r r oz 1 

where is 'the induced moment and e the angle between z and r. We 

can then write the total potential (inclu~ing the contribution from the 

charge at site A) a C!' ..,, 

(£.) 
V ~+>P_._ 

H = - r £.=1 i + l 
r 

and therefore the field at site H can be written: 

EH = -'0 V /'Or - -H . 

(l+l )p (P.) 
e +"' H 

2 f~'l £+2 
r · r 

I.f we consider an induced moment pH(m) at H in the electric field EH, the 

force f on the moment· can be written: 

(m) 
PH 

f = 1 . m. , m -
dr 

.and the total force F on ion H is given: 

2 
e 

F = 2 
r ( 

p (£)(£+1) p (£)(m+l)) 
_ e ~ A + ~ H + ~ 

£=1 £+2 m=l m+2 £=1 
r r 

The polarizability, a~ , is defined from: 
l 

d £ -l 
r 

( £+m+l) ! 
i! m! 

(12) 

(13) 
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where is the induced moment and EA is the field at site A. The 

moments can be written in the expanded. form as: 

(m) 
(£) a/- e 2! + L: 

PH (m+ 2)! 
PA A 2+1 m=l m+2+l m! r r 

( 14) 

(2) 
(2) 

~ 
em! 

+2~1 
PA (m+ 2)! 

PH m+l m+2+l 
__ i'_!_ 

r r 
( 15) 

and these equations are solved simultaneously. 

The total electrostatic potential energy between ions is therefore: 

re 
2 -P( PA(l)(t+l) p (t)(m+l) l 

cpE JF = 
e + 2: H 
r 2~1 2+2 m=l m+2 e r r 

00 00 

(16) 
re ( 2) (m)' 

+I L 
PA PH (£+m+l)! 

2=1 m~l £+m+2 · l! m! 
r 

00 

:where the terms represent the charge-charge, charge-multipole, and multi­

pole-multipole interactions, respectively. The cpE term is calculated 

using the polarizabilities, as discussed in the previous section, and 

experimental internuclear distances, ·r . 
e 

Previously, both the exponential, -r/p Ae , and inverse power, 

D/rn, forms had been used to represent the repulsion interaction. An 

accurate representation undoubtedly requires a considerably more complicated 

function. in the only well~studied.case47 (repulsion between two helium 

atoms), the interaction form is a polynomial in r and 1/r times an expo­

nential function of r. The present treatment therefore uses a best single 
n -r/p 

term representation of the form, Ar e_ , where n is given the same 

value for all alkali halides. This repulsion term allows more flexibility 

in fitting the model to experintt"ntal v~:lJ.ucs of W 
e 

p are calculated through use'of Eq. (5) and (6). 

and Here A and 
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Van dcr Waal 1 s attracti \'e force constant c is estimated as: 34 

c = ~ cla1 
2 A H 

I (II) ( -E I ) 

A H 
I (II) E 1 

A - H: 
( 17) 

where a~ and ~ are the dipole polarizabilities of the ions, I (II) 

is the second ionization potentia1
48 

of the alkali atom and E~ is t~e 
electron affinity49 of the halogen atom. 

The dissociation energy W 
e can therefore be calculated from Eq. 

(ll) and compared to the experimental value: 

w e 
D + I (I) 

o A ( 18) 

where D is the dissociation energy50 into neutral atoms, I (I) is the 
o , ~18 A 

first ionization potential of the alkali atom, EH is the electron 

affinity49 of the halogen atom, and l/2hv · is the correction for zero 
0 

point vibrational energy. 

Table XVI shows the comparison between calculated and experimental 

values of W with a best fit obtained using n = -2 in the repulsion term. e 
Inclusion of higher multipole field terms in the cal~ulation of the moments 

with Eq. ( 14) and ( 15) leads to complicated integrals of Eq. ( 16). There­

fore in the calculation of ¢E (but·not the derivativ~s) the approximation 

has been made that multipole field terms higher than the dipole do n;>t 

contribnte appreciably to the moments. It is estimated that this approxi­

mation gives a low value of ¢E in Csi (the most severe case) by less than 

0.2 ev. 

The values a: the Dunham coefficient a1 are calculated using the 

third·derivative of the potential 'energy function, Eq. (7), and are com­

pared in Table XVI with the experimental values, Eq. (8), calculated from 

spectroscopic constants .. 

The agreement of the calcul~ted and experimental values of w e 
and 

is quite good for the alkali halides with small alkali ions, but not as 

good when both ions are rather large. The proper treatment of the multipole-
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Table xvr: The calculated and experimental values of 
the alkali halide molecules 

. W (calc.) W (expt. )a a1 (calc.) . e . . e ..L 

L.iF ,-7.893 -7-930 -2.520 

LiCl -6.462 -6.560 -2.633 
LiBr -6.115 -6.380 :..2.705 

' 
Lii· ~5-702 -5-990 ;:;2~743 

NaF -6.590 -6.640 -2;921 

NaCl -5-597 -5.650 -3.002 

NaBr 
. I . 

-5-345 -5-530 -2.973 
. Nal ·-5· o34 -5.220 -2.977 

KF .. -5. 785 -5-990 -3.224 

KCl -4.901 -·5.o4o -3-301 
KBr -lL 679· -4.890 -3-306 
KI -4.407 . -4.580 -3-307 
RbF · .. :..5.707 -5·. 770 -3 -359' 
RbCl -4.651 -4,810 -3.668 

.RbBr -4.450 -4.720 . -3.692 

Rbi ·--·· -4.189 -4 .. 430 -3-514 
CsF -5-716. -5.640 -3.507 
'CsGl -4.522 -4.770 -4.003 
CsBr -4.187 -4.710 . -4.081 

Csi -3-951 -4.410 -3.853 

aRef. 50 
h Ref. 57 

b 51 iR .t:' 58 Ref. . e..L. 
c Ref. 52 

j ·. 
Ref. 21 

-~ef. 53 
k 
'Ref. 2lJ. 

e . 
Ref.- 54. 

1 . 
Ref. 28 

f' 
55 ~ef. c:;o Ref. /./ 

~ef. 56 ~ef. 6o 
0 Ref. 61 . 

vi · and a
1 e ..... for 

a
1 

( expt.) 

-2.701b 1 c 

-2.72ld1 e 
-2. 718f ,·g) h 

-2. 730f)h)i 
. --3.133j,k,l 

-3.076m 
.P 

-3.046J. 
.t:' 

-3.016.L. 
-3.116n 

. -3.226m .· 

-3.242f1 o· 
f -3.246 

-3.135n 
. ~3.29fl 

f 
-3-326 
:..3.344f 

-3.032 n· 

-3-319m 
. f 
-3-377 
-3· 429f 

.. 



multipole terms i.s particula.rly import,ant fo1· the case of t'N'O large polariz­

able ions and this suggests that possibly the spherical conductor approxi-

mation of the h:Lgher free ion r,olarizaboilities is not quite correct. It j_s 
. · . n -r/p 

also quite probable that the form of the repulsion term Ar e is an 

over-simplification, and here again the most serious defect vould be expected 

for the case o:f t1.;ro large polar:Lzable ions. The important feature of this 

model, hovrever J is that all higher electrostatic interactions have been in­

cluded vri thout destroying the agreement between calcuiatecl and experimental 

values of •r v. 
e 

and 

D. The D;ipole Moment 

"0 
Using the same approach as Debye) had. done for the hydrogen halides,. 

Rittner33 represented the polarizable ion model of the alkali halide mole­

cule as: 

. ~ . 
A 

··~ 

RIT 
~.t 
~---

f---- r--1 

where and _!.Lu are the alkali and halide induced dipole moments and .. 
:the net molecular dipole moment is: 

RIT 
~- er -.~A - .l-lH 

Eq. ( 19) :Ls then w:r:l. tten in the. usue,l. :form: 

RIT 
IJ. 

.·.' 
l 

( 19) 

(20) 
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Recent experimental dip~le rnoment data have been fitted to expres­

sions af the for~~ 

~v = ~e + ~I (v + l/2) (21) 

where ~e is the equilibrium dipole moment and ~I represents the vibra-

tional variation of the moment. Therefore comparison of experimental and 

calculated ~I values should serve as a further test of the model. 

If we let 

~ + 
e 

r-r 
~ 

e 
= r 

e 

( d~ ) . ~ + 
d~ ~=0 

~ can be expanded in 

l/2{d2~l ~2 
. \ d~ ~=0 

+ •.•.•. 

and the average value over vibrational·state written as: 

the 

~e +(d~). (~) + l/2 (d2~) (~2) + ..... 
d~ ~ =0 v ' . d~ 2/ v 

~=0 

For an anharmonic oscillator we can approximate: 

B 
2~ (v + l/2) 

(J.) 

e 

and therefore write: 

form: 

B 
+~ 

(.1.) 
e (

d 

2 ~ 1 ] ( v + 1/2 ) 

. d~ i ~ =0 

(22) 

(23) 

(24) 

(25) 

(26) 

. The quantity "in brackets is the calculated ~I term and can be compared 

to the experimental ~I term in Eq. (21). 
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RIT HIT-
Table XVII compares iJ.e and ~I , with experimental ~e and 

~I values. It can be seen that the agreement is very poor; the Rittner 

dipole function predicts low ~e values and ~I values too large. 

Looking again at the polarizable ion model, it can be seen that the 

Debye molecular dipole moment neglects dipolar effects associated with 

repulsion, and although this is correct for the case of the hydrogen 

halides, it is not for the alkali halides. 

If we consider the repulsion force (in the z direction) on the halide 

ion, it can be approximated.as: 

(27) 

wtere Eh is the field at the closed core of charge qh = +7e (the halide 

ion minus the eight outer electrons). This field Eh arises from changes 

(due to the repulsion interaction) in the outer electron distribution of 

the halide ion and from the repulsion induced moments at the alkali ion. 

If we consider the outer electrons on the halide ion, the repulsion 

effect gives a charge density that changes: 
oq~---

,Arh ~\ 

and therefore: u <---~--

OE = oq ~ose 

rh 

where is the distance of charge q from the core. 

o~ = oq rh cose 

,o~ = .r3 
oE h 

~h 
= R3Ee. 

h h 

We can then write: 



Table XVII. The calculated and experimental dipole moments of the alkali halide molecules. 

RIT REP J.l (calc.) J.l (expt.) BIT PEP J.l1(calc.) J.l
1

(expt.) J.le J.le e e J.li J.li 

LiF 5.272 1.021 6.292 6.284a .096 -.0182 .077 .082a 

LiCl 5.365 1.616 6.981 7.085b .104 -.0245 .079 .08lb 

LiBr 5.340 1.836 7.176 7.226c .103 -.0253 .077 .077c· 

Lii 5.217 2.185 7.4o3 7.387d .106 -.0279 .078 .078d 

NaF 6.992 1.106 8.098 8.123e .076 -.0169 .059 .o64e 

NaCl 7.214 l. 731 8.946 8.970f .074 -.0203 .054 .06lf 

NaBr 7.178 1.957 9·135 .067 -.0189 .048 

Nai 7.039 2.308 9.347 .o66 -.0199 .o46 

KF 7.450 1.105 8.555 8.550g .080 -.0169 .063 .069g 

KCl 8.270 1.972 10.242 l0.239a. .076 -.0225 .053 .o6oa I 
\]1 

,\0 

KBr 8.381 2.~52 10.633 .065 -.o:::o8 .o44 I 

KI 8.446 2.659 11.105 '.063 -.0215 .041 

RbF 7.429 1.025 8.454 8.514h .077 -.0147 .063 .067h 

RbC1 8.433 2.086 10.519 .074 -.0239 .050 

RbBr 8.582 2.431 11.013 .059 -.0211 .038 

Rbi 8.722 2.910 11.632 .053 -.0195 .033 

CsF 6.922 .869 7•791 7.849i .082 -.0127 .069 .070i 

CsCl 8.284 2.224 10.508 10.415j .080. -.0273 .053 

CsBr 8.485 2.689 11.174 .063 -.0246 .038 

Csi 8.732 3.316 12.048 .054 -.0223 .032 
-----

a present work ~ef. 58 gRef. 62 jRef. 65 
bRef. 54 eRef. 24 hRef. 63 

cRef. 56 f Ref. 15 iRef. 64 
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where lln is the repulsion induced dipole moment of the halide ion. The 
e 

fiel~ at the core, Eh, arises from the changing halide electron distri-

bution at an average distance Rh from the core. Similarly for the alkali 

ion we have a repulsion moment in the opposite direction: 

1-·· - r e --·-1 
In the alkali halide molecule the electron distribution of the highly 

polarizable halide ion is favored between the ions, but for the alkali ion, 

which is not verY. polarizable, the electron distribution is directed out of 

the region of the halide ion, and thus a more accurate picture of the mole­

cule would be: 

RIT 
11 <t--------

Il . iJ. 
~- ~-

!-.. - re -·I 
It would therefore be expected that the repulsion effect would cause a 

changing electron distribution mostly on the halide iqn, and in the present 

treatment the field is evaluated at the halide core. 

to a change in the outer electron distribution at 

associated with the small repulsion dipole moment 

This field is due 

and the field 

at A. The field 

arising from other repulsion moments at A is small and has been ~eglected. 

The total field can therefore be ·written as: 
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IJ.h 21J. 
Eh 

a 
(28) R3 - T r 

h e 

The' average distance Rh of the changing ele~tron distribution (in the ion­

ion overlap area) should be a function of the djstance from the halide core 

to the-alkali ion and this has been approximated as R = ·vr where "' h . ~-e t 

is a scaling factor of r 
e the internuclear distarice. The repulsion mo-

ments should approximately be·a function of thei'r respective polarizabiliites. 

Hovrever, because the repulsion effect should be weighted heavily on the halide 

ion, as discussed above, the repulsion induced moment IJ.a should be propor­

tionally smaller than ~· This has been expressed as: 

IJ.· 
a 

IJ.h 

The net repulsion dipole moment is therefore: 

REP 
IJ. 

We can now write the total equilibrium molecular dipole moment as: 

RIT + REP IJ. = IJ. . IJ. 
e e e 

and the vibrational variation coefficient as: 

(29) 

(30) 

(31) 

(32) 

A best fit of the dipole moments has been obtained when ~ = 0.81 

and~ = 0.40 (for all 
REP . 

IJ.I values. 

alkali halides) and Table XVII lists the 1J. REP and e 
This table· then compares the total calculated dipole moments, 

IJ.e and IJ.I' . with experimental values and the agreement is extremely good. 
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The treatment of. the repulsion moment undoub'-:;edly neglects some effects. 

For example, the averae;e d:i.stanr.~e Rh to the overlap should take into 

consideration the particular ions of the molecule and not simply be a 

scaled r . 
e 

Even so, thj_s simple treatment of the dipole moment has allowed 

a very good fit with all experimental 1-le and 1-Lr values of the alkali 

halides. 

E. Concluding Remarks 

The approach of the polarizable ion model presented here has been 

to include several effects, previously neglected. These include the treat­

ment of the polarizability as a function of r, inclusion of all multi­

pole terms, and consideration of a repulsion dipole moment. The net re­

sult has been that this semi-classical model removes the inconsistencies 

of earlier treatments and successfully gives a good fit of the potential 

energy and dipole moment functions with the experimental data of the alkali 

halides. 

As a further verification of this model, one would like to make an 

extension to other ionic molecules, i.e. the hydrogen halides. Undoubtedly 

the present model makes over-simplifications of some terms such as the 

repulsion energy and the polarizability function. And, although these terms 

adequately fit the alkali halides, they may not be the general form for 

other molecules. Therefore a more complete theoretical study is probably 

required before this model can be extended beyond the alkali halides. 

' .'(~ 
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