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Molecular Beam Magnetic Resonance Syectra of T1Cl" and TlCl" at Zero Field*
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The molecular beam magnetic resonance method has been used
to investigate the spectra of TlCP' and TlCP' at zero Geld. A
splitting of the quadrupole line for both isotopes is observed and
is attributed to a cosine coupling of the form c,I J, between the
chlorine spin I, and the rotational angular momentum of the
molecule J.

It is assumed that the gradient of the electric field at the
position of the chlorine nucleus q is a function of the internuclear
distance R of the form

q(»=q"'+q"'L(7t 7t )P'3—+q"'L(I& ~.)/I& J+"
where R, is the equilibrium value of R in the zeroth vibrational
and rotational state (v =0, J=0). The average of q(R) over the
vibration and rotation of the molecule is shown to lead to a e
and J dependence of the quadrupole coupling eqQ of the form

eqQ= eqQ+eq(~)QJ(J+1)+eq(')Qv.

The variation of eqQ with e and J explains the asymmetry ob-
served in the TlCl line shapes.

The energy levels and transition frequencies are calculated for
T1C1, a heteronuclear diatomic molecule with one nucleus having
a quadrupole coupling with e and J dependence, and a cosine
coupling with J; and the second nucleus having a cosine coupling
with J. A detailed analysis of the line shape is presented.

The results for Cia in TlC1~ are: (eqQ ~ /h= 15.788&0.02 Mc,
leq'"'Ql/h=q6 kc, leq'"Ql/h=18 4cp. s, ~c, (/h=1. 4~0.1 kc.
The results for CP' in TlCP' are: ~eqQ~/h=12. 425%0.02 Mc,
(eq&"&Q~/h=76 kc, ~eq&~&Q~/h=164 cps, (c,~/h=1. 1&0.1 kc.
eq(')Q and eq(~)Q are shown to have the same sign as egQ for
both TlCl~ and TlCP'.

The zero Geld lines for Na" in Na"F and Na"Cl are also
discussed and are analyzed using the same theory. The results
for Na" in Na"Cl are:

( eqQ
~

/h= 5.608&002 Mc,
~

eq&"&Q
~
/h 88

kc, )eq&~&Q[/h~24 cps, [c,]/h~1 kc. The results for Ness in
Nas'Fare: eqQ(/h=840&002 Mc, )eq&"&Q[/h~80kc, [eq&~&Q~ /
h~32 cps, c, ~/h 1 kc. The signs of eq&"&Q and eq&~&Q are shown
to be opposite to the sign of eqQ for both Na"Cl and Na"F.

I. INTRODUCTION

'HE molecular beam magnetic resonance method' '
has been used extensively in the investigation of

nuclear and molecular properties of diatomic molecules.
In determining the quadrupole interaction constants of
diatomic molecules, the method of "zero 6eld" has been
found of particular value. In this method, the homo-
geneous magnetic field in which transitions occur is
reduced to zero. The zero 6eld technique has been
applied successfully by Nierenberg and Ramsey in the
determination of the quadrupole interaction constants
of NaBr, NaC1, and NaI. The positions of the lines at
zero field agreed with those predicted from the high
field spectrum, in agreement with the theory of Feld
and Lamb. ' However, the lines were unexpectedly
broad (150—200 kc half-width), and showed a marked
asymmetry in shape.

Nierenberg and Ramsey attributed the line broad-
ening to a cosine coupling, cI J, between the nuclear
spin of sodium I and the rotational angular momentum
of the molecule J. It will be shown in the discussion to
follow that the addition of this term to the Hamiltonian
should cause a splitting of the zero 6eld quadrupole
line. That the splitting was not observed in the case of
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the sodium halides, Nierenberg and Ramsey attributed
to a dependence of the quadrupole coupling eqQ on
the vibrational quantum number v and rotational
quantum number, J. As shown in Appendix III, this
dependence is expected to be of the form eqQ=eqQ
+eq&~&QJ'(/+1)+eq&"&Qt&, where q&~& and q&"& are very
much smaller than g', and all three are independent of
J and t&. The spectrum observed is due to transitions
between the quadrupole hyper6ne structure compo-
nents within a given state characterized by v and J.
The transition frequencies then have a slight v and J
dependence which, in the case of the sodium halides,
mask. s the I J splitting and causes a line asymmetry.
In the case of T1Cl, the v and J dependence leads to an
asymmetry in the shape of the line which has been split
by the I J interaction.

In this investigation, the method of zero 6eld has
been applied not only to the determination of the
quadrupole interaction constant, but also to the deter-
mination of the constants c, eq&~&Q, and eq&"&Q for Cl
in the molecules TlCP', TlCP'; and for Na" in the
molecules Na"F and Na~C1. The signs of eq&~&Q and
eq&"&Q are determined relative to the sign of eqQ.
Because the transition frequencies have only a slight v

and J dependence through eq&~&QJ(7+1) and eq&"&Q&&,

it is necessary to analyze statistically the envelope of a
large number of unresolved lines in order to obtain the
desired values of these nuclear and molecular constants.

These finer molecular effects on the quadrupole
hyperfine structure are of interest for their contribution
to the understanding of the internal interactions in a
diatomic molecule. They are also of value in increasing
the precision with which the quadrupole interaction
constant can be measured.
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II. APPARATUS AND METHOD

The apparatus is essentially one built by Kusch and
Millman' and used later by Nierenberg and Ramsey in
their experiments on the sodium halides. Data on
construction, strength of deQecting fields, and other
details may be found in references 1 and 4. For the
substances used in this experiment, a beam of molecules
is obtained at an elevated temperature ( 1000'K) in
the hot oven source. At this temperature, a large
number of rotational states are excited. For example,
the most probable value of J for TlCl is 55.

To generate the large radiofrequency currents needed
for the oscillating field, a modified form of the Hartley
oscillator was used. By the use of interchangeable tank
components, it was found possible to maintain oscilla-
tions with rf output currents up to 20 amperes in the
frequency range from 5 to 3000 kc. Above 3000 kc,
another similar oscillator designed for higher frequencies
was used.

The rf current from the generator passed through the
homogeneous C-field region in water-cooled twin copper
sheets 1.9 cm wide, 7 cm long, and —,6 in. thick, sepa-
rated by Lavite spacers so as to leave a gap —,', in. wide
down the center of the C-field. Lavite spacers were also
used to prevent the hairpin (as the rf magnetic Geld

assembly is often called) from shorting to the pole faces
of the C-field. A current of 1 ampere through the hairpin
gave rise to a field of 1.7 gauss in a direction perpen-
dicular to the C-field and to the direction of the beam.

Frequency measurements at low frequency were made
on a General Radio precision wavemeter, type 724B.
Intermediate and high frequency measurements were

made on a General Radio heterodyne meter, type 620A,
with which frequency can be measured to better than
0.005 percent. Both instruments, within the range in
which they were used, provide a degree of precision
higher than the limits imposed by other factors which

determine line positions.
Since all the data were taken at zero field, it was not

necessary to measure the value of the magnetic C-field.
It was, however, necessary to develop a procedure for
obtaining zero field. The demagnetization procedure
adopted was applied before an experimental run was
made, and the fact that the results of several 'runs on
the same resonance minima agreed so closely was taken
to be adequate proof of the consistency of the de-
magnetization procedure. The value of the Geld after
demagnetization was estimated as less than 4 gauss.
The application of a very small dc field, less than 10
gauss, was found, as is to be expected from the Feld-
Lamb theory, to have negligible effect on both the
position and intensity of the resonance lines. The
broadening of the zero field line by a small dc Geld is
also predicted by the theory, but the broadening in this
experiment is less than that due to the oscillating field.

By line intensity we mean the change in total beam
produced by the application of the oscillating field.
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FIG. 1. Zero Geld spectrum of CP' in TlCP'. Line intensity
(decrease of beam at the detector) is expressed in cm deQection
on a galvanometer scale. Peak intensity correspends to a 0.5
percent decrease in total beam. Radiofrequency current was 12
amperes. The width of the line at half-intensity of each component
is 100 kc, considerably greater than the 3 kc resolution half-
width of the apparatus for this molecule.

III. EXPERIMENTAL DATA

Neglecting all internal magnetic interactions and the
variation of eqQ with v and J, one expects to see, for

~ E. Majorana, novo cimento 9 (1932).

Because of the v and J dependence of the transition
frequency, only a small number of states take part in
the transition at a particular frequency. For this
reason, the line intensity observed was small (about
1 percent of the total beam). In practice, values of the
rf current were used which gave maximum line intensity
without obscuring the details of the spectrum. Lowering
the rf in most cases resulted in a decrease in line
intensity without any observable decrease of line half-
width or increase of resolution of two neighboring lines.

Due to sharply varying magnetic fields in the C-field

region, nonadiabatic transitions may occur between
the A and B fields when the C-field is zero. Under these
circumstances, the line intensity decreases because of a
decrease in. the number of space quantized molecules
available for transition. To test whether the apparatus
used in these experiments was free of such difficulties,
the refocused beam intensity under normal high field
conditions was compared with the beam intensity when
the C-field was reversed with respect to the A and B
fields. The loss in beam intensity was only a few

percent, indicating a negligible loss in beam due to
nonadiabatic transitions.
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the zero 6eld spectrum of a heteronuclear molecule, a
single resonance line whose width is given by rf broad-
ening alone. The frequency at which this line appears
would correspond to the quadrupole transition energy,
which, in the case of spin —'„ is given by d, W=eqQ/4,
where eqQ is the usual quadrupole coupling. '

It is evident from Figs. 1—4, showing the zero field
spectra of CP' in TlCP', Cl' in TlCl", Na" in Na"F
and Na" in Na"Cl, that other efI'ects enter to change
the shape of the curves. These e6ects have already
been mentioned briefly and will be discussed more
fully in the next section.

Since thallium has a spin of —,', and hence no
quadrupole moment, one expects to see, at zero field,
quadrupole resonance lines corresponding only to the
quadrupole interaction of CP' and CP' in TlCl. From
Figs. 1 and 2, it can be seen that both lines are split
into two components of marked asymmetry, the high
frequency component being considerably broadened as
compared with the low frequency component. The low
frequency component is also seen to rise much more
sharply than the high frequency component, the latter,
indeed, tapering oQ very gradually to high frequencies.
The width at half intensity of either component, of the
order of 100 kc, is much greater than the resolution
half-width of the apparatus, which is of the order of
3 kc for TlCl. Broadening due to the large rf currents,
approximately 10 kc, is also too small to explain the
large half-widths of the components. The ratio of the
intensities of the Cl' and CP' resonances is explained
on the basis of relative abundance, and the difference
in throwout power due to the diQerence in values of the

nuclear g-factors. For both isotopes of chlorine, the
ratio of the intensities of the split peaks is, on the
average, equal to 1.7, while the ratio of the half-widths
is 0.72. The splitting for the case of CP' is 156 kc; for
CP', 105 kc.

The values of these constants for both Cl isotopes in
TlCl are obtained from a weighted average of data from
a number of curves taken under varying experimental
conditions. It was found necessary to take a large
volume of data primarily because the line intensity
never exceed a value of 0.5 percent of the total beam.

The general features exhibited by the resonance
curves in Figs. 3 and 4 (Na" in Na~F and Na"Cl,
respectively) are the same as those of the resonance
curves in Figs. 1 and 2, although in the case of Na the
splitting is not as prominent, the components being
barely resolved in the case of NaCl. For the Na reso-
nances, the high frequency approach to the resonance
minimum is sharp, while the low frequency end trails
off very gradually, which is opposite to the case of
TlCl. In the case of NaF, the ratio of the peak intensities
is 1.2; in the case of NaCl it is 1.4. The separation
between peaks for NaF is 60 kc; for NaCl it is 88 kc.
The ratio of the half-width of the composite line to the
splitting is 2.4 in the case of NaF; in the case of NaCl
it is 2.0.

IV. THEORY

A. Hamiltonian and Transition Energies

The Hamiltonian operator which best explains the
observed magnetic resonance spectra of T1CP' and
T1CP~ at zero 6eld is:

—eq(R)Q

2I (2I,—1)(2I+3)(2J—1)

&((3(I, J)'+-', (I, J)—I,(I,+1)J(I+1)}
+"(l. J)+~~(lb J) (1)
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FIG. 2. Zero 6eld spectrum of Cla' in TlCl". Peak intensity
corresponds to a 0.3 percent decrease in the total beam. The
ratio of the half-widths of the split lines and the ratio of the
intensities of the two wings are approximately the. same as those
of Fig. 1. Radiofrequency current was 15 amperes.

~ J. Bardeen and C. H. Townes, Phys. Rev. 73, 97 (1948).

The 6rst term is the electric quadrupole interaction
between the chlorine nucleus and the molecular charge
external to the chlorine nucleus. r'

Q is the electric
quadrupole moment of the chlorine nucleus, and q(R)
is the gradient, at the position of the chlorine nucleus,
of the electric field along the internuclear axis, due to
all the molecular charge external to the chlorine nucleus.

q(E) is assumed to be a function of internuclear dis-
tance E. and will be discussed further under Sec. 8
and in Appendix III, The second term is a cosine
coupling between the spin I, of the chlorine nucleus
and the rotational angular momentum of the molecule. '
The third term is a cosine coupling between the spin Ib
of the thallium nucleus and J.This last term is necessary
to explain the electric resonance spectra of T1CP' and

8 H. 3. G. Casimir, Teyler's Tweede Genootschap, 1936.
'H. M; Foley, Phys. Rev. 72, 504 (1947); G. C. Wick, Phys.

Rev. 73, 51 (1948).
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(Cambridge University Press, London, 1935), Chapter"See reference 10, Chapter II.
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qo) = —5.50&&10'~, and q( &=13.0)&10" in esu all the
same order of magnitude. It is shown in Appendix III
that the average value of expansion (4) over the molec-
ular rotation and vibration is of the form:

where

and

q= q&"+q& )J(J+1)+q&')(&)+-',)

q&&) —(2/3 /~ )2q&i)

(8,) ( o.'8(ug) /8, )q'"'= 31 —
ll 1+ lq'"+2l —lq"'

E(o, & &. 68.2) (&0,)

&CJ
l

FREQUENCY

Fro. 5. The effect of the cJ term on a zero field line, assuming
no other o or J dependence. fo marks the frequency at which the
single resonance line would fall if there were no I J interaction.
The frequencies of the peaks of the wings are given by f1=fo+cJ,
fm

——fo—cZ, where J is the most probable J in the oven source.
The splitting, neglecting all other effects, is then given by 2cJ.
This Ggure is a graphical representation of step 2 in the line
shape analysis of Sec. C.

nucleus to the transition energies is negligibly small for
most molecules in the beam. The eBect of the second
nucleus is considered in Appendix II.

For large J, the J dependence in (3b) gives a low
frequency transition which is not observed in this
experiment. The observed zero Geld spectra are due
to the transitions (3a) and (3c).

B. Variation of eqQ with Vibration and Rotation

It has previously been observed" in molecular beam
electric resonance experiments that eqQ varies approxi-
mately linearly with vibrational state, with about a
1 percent variation per state. For T1CP', Carlson, Lee,
and Fabricand" find that this variation is (O.S+1)
percent.

Such a variation can be explained by assuming that
q varies with E during the course of the molecular
vibration, as assumed in Sec. A above, with

q(R) =q&"+q&"L(R—8,)/R, ]
+q"'L(~—~.)/&.j'+" (4)

R, is the equilibrium internuclear distance in the state
~=0, J=O. The coeKcients q&'&, q&" q('& ~ ~ ~ are
assumed to be of the same order of magnitude to ensure
the convergence of (4). It is interesting that the theo-
retical calculations of Nordsieck and Newell" for q in
the deterium molecule give values of q& &=1.15)&10'5,

"L.Grabner and V. Hughes, Phys. Rev. 79, 819 (1950).
'4A. Nordsieck, Phys. Rev. 58, 310 (1940); G. F. ¹well,

Phys. Rev. 78, 711 (1950}.

and B„co„a„arethe usual molecular constants'5 in
units of cm '.

This average not only describes the linear variation
of eqQ with vibrational quantum number, but also
predicts a quadratic variation of eqQ with rotational
quantum number. As will be seen in Sec. 7, an analysis
of the zero Geld line shape of T1Cl"and TlC1", assuming
a rotational and vibrational variation, can be made to
explain the observed spectra rather well. The values
of eq&')Q, eq&')Q, and eq&"Q obtained will be consistent
with the assumption that q(0', qo), q(') are all of the
same order of magnitude. While q&~' and q("~ have a
slight dependence on isotope through the rotational
and vibrational constants, q( ~ qo~ and q('& are the
same for diGerent isotopes in the same molecule.

C. Line Shape

If we neglect the terms due to c&„and replace q(E) in
(3a) and. (3c) by q of (S), we obtain for the observed
transition frequencies:

fi=fo+»+g J' CJ, f2= fo—+P&)+gJ'+CJ (6)

where

fo——(&.q&"+,'eq&"))Q/4h= eq-Q/4h, P=—eq&")Q/4h,

g=eq&~)Q/4h, c=c,/h.

In (6) we have neglected small i) and J independent
terms of order [&:,l/h, since lc, l/h is only about 1
kilocycle; and we have neglected gJ compared to cJ,
since g((c. Also, eqQ has been assumed positive for
convenience. We cannot deduce the sign of eqQ from
our observations, though Carlson, Lee, and FabricancV'
are able to determine the sign. The e and J independent
part of (6) is not eq&0)Q, but eqQ, which is only "very

slightly diferent.
For convenient analysis of the zero Geld line shape,

we neglect rf line broadening and other small eGects,
and reconstruct the line by the following steps:,

1. With no v or J dependence, we have two super-
posed resonance curves, whose half-widths are deter-
mined by the resolution properties of the apparatus.

'~ G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand
Company, Inc., New York, 1950), second edition.
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be determined fairly accurately, since the line splitting
is about 2cJ, and y is proportional to J.

The subtractive wing shoes a discontinuity at yp= 1.
The density function goes to inanity at this point,
but for y~0.4, the integrated area at the discontinuity
is so small that the line is not Rejected appreciably.

).00

7=.I5 —-
T=.05

u =y=.~5

V. ANALYSIS OF TICP5 AND T1CP' CURVES

The spectra of TlCP' and TlCP~ are analyzed, using
the theory of the previous section. The value of
y=2g/«, in the notation of the previous section, is
selected so that, when used in conjunction with a known
value of eq'"&Q," the composite curve resulting from a
graph of X(s) verses s for several vibrational states will

agree as closely as possible with the experimental
curve. In the case of T1CP5 and TlCP~, a value of
y=0.25 was found to give the best 6t. The reason the
same value of y serves for both isotopes is that

Fzo. 8. X(s) e( ') ~s s' for various values of the parameter y, where
y = (//2c, )eq(~)Q, s =h(f—f0)/c.J. (see de6nitions (9).)

(8) then gives

&()-~"p(—:~')/I1~&~1

where s= +&+-',yp'.
E(s) versus s is plotted in Fig. 8 for several values of

the parameter y. A small value of g is enough to
produce a considerable asymmetry. For example, when
y=0.25, the ratio of the peak intensities of the wings
is 1.7:1.If J is about 40, this corresponds to g/c of
6&10 3. Because of the large value of J, g Rnd g can

(10)

frequency; if q(o' and q&") are of the same sign, the
vibrational shift is up in frequency. H

~
&~ is appreci-

ably less than ~c~J, and the decrease in population
per vibrational state is large, then the vibrational
structure will not be resolved. This turns out to be the
case for TlCP' and TlCP'. We obtain a shape function
or the frequencies of (6), neglecting the vibrational

superposition due to the term I'v. The latter effect has
to be considered separately for each case. The distri-
bution function (7) is transformed from J variables to
f variables:

N(f)df X(J) i
dJldfi df

=J exp( ', n'J')df—/i-ac+2gJi, (8)

where the (+) and (—) refer to f~ and f2, respectively.
We introduce the parameters:

P=nJ= J/J
s= ~(f fo)/~=(f f—o)/~J =+4—+(g/«)4'

from (6)

(Ci" (fi '"
fQ I" (Q i"

Ic) (c) (p& 4p)

(p is the nuclear magnetic dipole moment), and this
ratio is very close to one. There are two isotopes of
Tl, Tp", and Tl"', but both have spin ~~ and almost
identical masses, so that the spectra of Cl for these
two isotopes of Tl are the same.

The factor for the decrease in line intensity for
successive vibrational states is 0.50. With a value of
eq~'&Q equal to 0.006eqQ, which is close to the value of

(0.005+0.001)egQ given by the results of the electric
resonance method, " the curves corresponding to the
states v=0, 1, 2, 3, and 4 are plotted in Fig. 7. The
envelope of these curves is shown in Fig. 9, together
with a set of experimental points for TlCP'. The ratio
of the half-widths of the wings is 1.75, as compared
with an average of 1.8 for the experimentally observed
minima; the ratio of the intensities is 0.62 as compared
with an average of 0.7 for the observed minima. The
diGerence between the calculated and experimental
ratio of intensities may be explained by rf broadening
eGects, and by the diIIiculty inherent in observing the
peRk intensity for R nRIrow resonRnce line.

The value of ~c, I/h is obtained by noting the
separation between the split peaks of the zeroth vibra-
tional line. ~egQ~/h is then determined as the mean

between these two peaks. The value of eq~~&Q/h is
obtained by solving for g in the equation g=cny/JI, .
The results obtained from this analysis of TlCP~ and
T1CP~ are given in Table I.

The sphtting due to the I,.J interaction can be
expressed as that due to an equivalent magnetic field

at the chlorine nucleus due to the rotation of the
molecule as a whole. The magnitude of the magnetic
field per rotational quantum number B, is given by
II.= ~c./grp~~ The value .of c, for CP'=1.4 kc,
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(~RIR.)- = (2&./ .)'~(J+ 1)&&1

(AR/R, )»b (8,/a), —)—'*«1 for J=J, and v=0 (11)

For TlCP', Be~0.0873 cm ' co =287.47 cm ' 0. =43
X10 4 cm '," J=55. Substituting in Eqs. (11), we

obtain:
(dR/Re)roe=11. 4X10 ',

(sR/R. ).;b =1.74X 10-', (12)

equivalent to 8,=3.4 gauss; the value of c, for CP'
is 1.1 kc, equivalent to H, =3.2 gauss.

The sign of eqQ has been found to be negative, the
sign of c to be positive. " Since the resonance curve
tapers off gradually at high frequencies, eqi"'Q has the
same sign as eqQ. Since the high frequency wing is
broadened by the eGect of the rotational variation, as
discussed in Sec. IV C, eq&~'Q has the same sign as egQ.
In other molecules in which results are available
(CsF," RbF,» KF»), eq'"&Q and eqQ have opposite

Signs.
The criteria for the validity of the expansion of q(R)

given in Eq; (4) are given in Eq. (20) of Appendix III
as:

The results for T1CP' are obtained in a similar man-

ner, and the constants for both TlCP5 and TlCP' are
given in Table I.

VI. ANALYSIS OF Na"C1 AND Na"F CURVES

An analysis similar to that of the spectrum of T1CI
is performed for the observed zero 6eld lines of Na"Cl
and Na"F. Since the splitting in, the latter cases is not
as prominent, less sensitive criteria are used to guide
the choice of constants in constructing the line shapes.
Thus the ratio of intensities of the two wings, and the
ratio of the half-width of the composite line to the
splitting are used in the selection of values of y and

of eq&"'Q which lead to a line shape similar to that
experimentally observed. The value of ~, is not known

for Na~F, but an empirical estimate gives co,=530,
so that the decrease in line intensity with vibrational
state is 0.53. Values of &=0.25 and eq'"&Q=0.01eqQ
are found to give the best fit. The line, constructed as
described in Sec. IV C, then has for the ratio of intensi-

ties 1.22, as compared with 1.25 actually observed for
Na"F; and for the ratio of half-width of composite line

to splitting 2.1, compared with 2.4 actually observed.

TABLE I. Experimental values for molecular constants in the
molecules TlCP, TlCl", Na"F, and Na"Cl.

N(P ) p

Mole-
cule

T1CP~
T1CP7
Na»F
Na2~C1

eqo/h
Mc

( —) 15.788 +0.02
( —) 12.425 &0.02

8.40 &0.02
5.61 &0.02

co/h
kc

(+)1.4 &0.1
(+)1.1 a0.1

Hg
gauss

3.4 &0.3
3.2 &0.3

eq( )0/h eq(~)0/h
kc cycles/sec

—96 —18.4—76 —16.4
+80 +32
+88 +24

a Signs for eqg/h for T1C135 and TlCP7 are from reference 12.Signs for ca/h
for T1CP7 and T1CP~ are from reference 18.

from which we infer that for TlCP' the expansion of

q(R) given in Eq. (4) is valid. For TlC13' the experi-
mental values which are used to obtain eq&'&Q, eq"'Q,
and eqi"Q are:

eqQ/h = —15.788X 106 cycles/sec,

eqi"'Q/h= —96X10' cycles/sec,

eq '~'Q/Ii = —18.4 cycles/sec.

From the relationships of (5) and the definition of q in

(6), we obtain:

eq &"Q/Ii = —15.740X 10' cycles/sec,

eq "'Q/h = —49.6X 10' cycles/sec,

&q "'Q/& =+100X 10' cycles/sec.

l,a—

l.4—

-4 -2

In the case of TlCP', then, the assumption that

I
q"'I-I q"'I-q"'I is justif ed.

"J.W. Trischka, Phys. Rev. 74, 718 (1948).' V. Hughes and L. Grabner, Phys. Rev. 79, 314 (1950).' CarIson, Lee, and Fabricand, private communication.

Flc. 9. Envelope of the curves of the first 6ve vibrational
states for TlCl given in Fig. 7. y was taken to be 0.30 for best
agreement with the experimental resonance curves for TlCP""
and TlCP'. For purposes of comparison, the experimental points
of the TlCP' resonance in Fig. 2 are indicated here by crosses.
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The values of the constants obtained are listed in
Table I. The zero field value of eqQ for Na in Na"F,
8.40 Mc, is to be compared with the high field value of
8.12 Mc, obtained by Logan and Cote." The 3 1/2
percentage discrepancy between these results is con-
sistent with similar discrepancies found in the other
sodium halides. 4 This effect in the sodium halides will
be discussed more fully in the following section.

In the case of Na" in Na~Cl, the decrease of line
intensity with vibrational state is 0.58, and the values
of y and eq~"'Q which give the best fit are again y =0.25
and eq'"'Q=0. 01eqQ. The ratio of intensities of the
wings is 1.36, as compared with the experimentally
observed ratio of 1.43; while the ratio of the half-width
of the composite line to the splitting, 1.9, is to be
compared with the experimentally observed ratio of 2.0.
The constants obtained from an analysis of the Na"Cl
line are listed in Table I. The signs of eq'"'Q and eq' &Q

are found to be opposite to the sign of eqQ for both
Na~F and Na~Cl.

In the analysis of the line shape of Na"F we have
neglected the effect of an I~ J interaction for Quorine;
and in the case of Na"Cl, we have neglected both the
quadrupole interaction and I~ J interaction of chlorine.
As indicated in Appendix II, cqQ for Cl in Na"Cl would
have to be greater than 3.2 Mc to affect the line shape.
The values of cq for F in Na F and Cl in Na' Cl would
have to be about 100 kc or more to affect the line shapes.
However, eqQ for Cl in KCl is 420 kc,"which should
not be much different from eqQ for NaC1; while the
known values of I~ J for the alkali halides observed
experimentally" are of the order of 10 kc. It is highly
probable, therefore, that these constants are not large
enough to affect the sodium spectra in NaF and NaCl.
Furthermore, the line shapes can be reasonably well
explained without assuming their presence.

Because the molecular constants of NaC1 and NaF
are not well known, and because of the large possible
error in determining eq'"'Q and eq'~'Q for these mole-
cules, we cannot determine the constants eq&"Q and
eq&'&Q with any degree of precision. However, an esti-
mate indicates that they are of the same order of
magnitude as eq&"Q.

VII. DISCUSSION

From the zero field magnetic resonance spectra of
TlCP and TlCP7, the ratio of the quadrupole inter-
actions is found to be:

I
cqQ(CP') I/I cqQ(C&")

I

= 15.788/12.425 = 1.270&0.005.

The electric resonance method gives the result:

[ eqQ(CP')
~ / ~

egQ(CP')
~

= 1.2691~0.0005.

These results and the results of recent atomic beam"
' Logan, Cotd, and Kusch, private communication.
~ V. Jaccarino and J. G. King, Phys. Rev. 83, 471 (1951).

and microwave" measurements of the chlorine-quadru-
pole-moment-ratios all agree within limits of experi-
mental error.

It is interesting to note that the quantity eg, which
normally enters into the experimentally measured
quadrupole coupling, is not the same for two isotopes
in the same molecule because of different zero point
vibration for the two isotopes. A simple calculation
shows that the error introduced by this effect into the
quadrupole moment ratio is about 1 in 14,000 for T1CI,
negligible for these experiments. The ratio of the
magnitude of c, for T1CP' to c for TICP~ is:

I
"(C&")I/I c.(CP')1=14/11=1.25~0.10.

The Foley and Wick' theories of the I J interaction
explain the effect as due to the coupling of the nuclear
magnetic moment with the internal magnetic fields of
the molecule. On this model, or, in fact, on any reason-
able model, the constant c would be expected to be
proportional to the nuclear magnetic moment for
isotopes in the same molecule. The ratio of the magnetic
moments of CP' and CP' is p(CP')/p(CP') =1.21 2' in
good agreement with the ratio of

~
c,(CP~) ~/~ c,(C1")

~

.
This gives further support for assuming that the split
line in TlCl is actually due to an I J interaction.

Nierenberg and Ramsey' point out that there, exists
a 5-percent discrepancy between the values of the
quadrupole coupling obtained at zero field and at high
field. They are able to explain about -', of this discrep-
ancy by a refinement of the analysis of the high Geld
line, taking into account resolution and the distribution
of J states in the beam. Another small fraction of the
discrepancy may be explained by the fact that they
took the position of the zero 6eld quadrupole resonance
to be at the position of the highest peak. The actual
zero field quadrupole resonance corresponds more
nearly to the midpoint between the highest peak, for
the subtractive wing, and the lower secondary peak for
the additive wing (which, in the case of the sodium
halides is barely resolved). After these effects have been
considered, there still remains a small discrepancy
between the zero and high field values, which can
perhaps be explained by considering the effect of the
rotational and vibrational variations of eqQ on the high
field spectrum.

We are grateful to Professor I. I. Rabi for suggesting
this problem, and for his guidance throughout the
course of the experiment. We are greatly indebted to
Professor T. Y. Wu for his help and encouragement
during the early stages of the experiment. We also
wish to thank the members of the molecular beams
laboratories, and Professors C. H. Townes and H. M.
Foley for several helpful suggestions.

"R.Livingston, Phys. Rev. 82, 289 (1951).
~F. Bitter, Phys. Rev. 75, 1326 (1949); H. Taub and P.

Kusch, Phys. Rev. 75, 1481 (1949).
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APPENDIX I. ZERO FIELD ENERGY LEVELS FOR I =-'„ I = j-

The matrix elements of (I, I~) are calculated in the (F, F~, J, I„Iq, Mp) representation as:

1
t
I,(I,+1)—J(J+I)+Fg(Fg+1)

(IgJFiIgFllf p~ I, Ig~IgJFiIbFI»Ip)= (F(F+1)—Fg(Fg+ I)—It,(Ig+ I))
2 2F1(F1+I)

[(F, I.~—J)(F,yI. J+—1)(F,+r.+J+1)(r.+J+1 F,)—]'
[(F+Fx I~—)(F+In F—x+1)(F+Is+Fi+1)(Fi+Is F—)]'

(13)
4F~[4FP—I]»

[(Fg I +J—+1)(Fg+I, J+1—)(Fg+I,+J+2)(I,+J Fg)]»—
[(F+Fx 6+1—)(F+6 Fx)(F—+I~+Fi+2)(Fr+It F+1—)]»

4(F,+ 1)[4(F,+1.)'—1]'

(I.JF& 1Ib—FM&l I. It
I
I.JF&I&FM&)

(I.JF,+II,m,
~
L r, ~I.JF,I@i»I,)=

The perturbation II~ is [—ct,(I, I~)]. From (13), the erst-order perturbation E&'& is of order
~
cq ~. The energy

denominator appearing in the second-order perturbation energy X&2) is

3 eqQ(2J+2i, +2)
E(Fg, F) E(Fg+—1, F) — [(4i,+2)J+2i,(i,+2) 2I,(I—,+1)+3] c,J+—ctJ, (14')

8 I.(2I.—1)(2J+3)(2J'—1)
for large J.

From (14), we see that, for large J', the second-order perturbation energy E&'& is of order tv&('/~ eqQ (
for i,W —2;

in the case when i,= ——,', E"&
)
c~('/(c~[ J.

Note, the perturbation calculation may diverge for i,= ——, when (14) is zero. However, if this does occur at
all, it occurs for fairly low J', and (14) remains small only for a few J states, so that the effect on the line shape
shouM be small.

The energy levels for large J, up to order E&", are:

—8g 3c& cg 1 1 3 3
E(Fg=J+ ', )='- (9J+3J—SJ(J+1))y +—~J~ ~ +

8(2J+3)(2J—1) 2 2 2 2 4J 4J

3[-',w-,']cg'

—eqQ Cg cg 1 1 3 3 3[—W —]ca
E(Fg= J+-', ) = (J'—SJ+6—SJ(J+1))+—(J—3)+—&J& W +

8(2J+3)(2J—1) 2 2 2 2 4J 4J' eqQ

—8g
E(Fg=J—2) = . (J +&J+12 SJ(J+1))—

8(2J+3)(2J—1)

c, 1 1 11 3 3[-,'W-', ]cP
+c,(—J—4)+—aJ~ ~ + +

2 2 2 4J 4J eqQ

(15)

—8g
E(Fg——J—-', )= (9J'+15J'+6—SJ(J+1))

8(2J+3)(2J—1) cg, cb 1 1 3 3
+—(—3J—3)+—+Jw

2 2 2 2 4J 4J
where the (&) refer to iq ——&-', .

These energy levels give the transition energies of (3).

3[2+2]~~'

APPEITDIX IL EFFECT OF SMALL PERTURBATIONS a series of steps analogous to those of Eqs. (8)-(10),
ON THE LINE SHAPE we obtain:

To test whether a perturbation term of the form
E„J"afI'ects the line shape, we will calculate the shape
function neglecting the terms gJ2 and I'~. The fre-
quencies f, and f, of (6) then become:

fi= fo &J+&~J", f2= fg+—cJ+E„J" (16)

where K„ is assumed to have the same sign m f~ and f2
to produce the maximum possible line asymmetry. By

&(s)-4 exp( —k4')/I 1~v"0" 'I,
where

s=+y+(y/s)y"=(f fo)/cJ, and y„=—~mx„/c "—'~.

This r'educes to Kq. (10) for e =2.
For a small value of K„, the position and. magnitude

of the two peaks will not be much diferent from those
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produced by cJ alone. Then, the peaks will occur when
&=1, and the ratio of the two peaks will be:

~= (1—v.)/(1+ v-)

+le take as the condition for the neglect of a pertur-
bation, that (1—R) be less than 0.1. This gives as the
condition for neglect

The perturbations of interest mill be of the form
E zJ-' and E 2J-'. These diverge for small values of
J, giving rise to apparent discontinuities in the shape
function. However, the perturbations are obtained in
these cases, assuming J fairly large, while the discon-
tinuities occur for low J. In addition, the density of
states is low for small values of J. %e will then take
(19) as the criterion for neglect of a term, even for
B=—1 and —2.

The perturbations we consider are:
(1) The perturbations of order c~/J in Eq. (3).

The largest term of this form is Icy/4J.
(2) The perturbation terms due to the off-diagonal

matrix elements of the quadrupole operator. These are
of order IeqQ~'/hcB, J.

(3) Perturbations (in the case of NaCl) due to a
quadrupole coupling eqqQb of the second nucleus. These
terms can be shown to contribute to the transition
energies in order ~~eq~Qq~/J'.

For TlCl, cq 'I5 kc" eqQ 15 Mc, 8, 0.08'I cm-',
c ~1 kc, J'=55. For perturbation (1), TlCl gives
y~g =

~
'Icq/c, 4J'

~

0.043. The exact evaluation of
perturbation (2) requires a rather lengthy calculation.
However, the fact that the zero 6eld electric resonance
spectrum of TlC1 can be well explained without con-
sidering these terms indicates that the terms are at
most a few kc. Assuming perturbation (2) to be about
10 kc/sec/J, y&2&= ~10 kc/sec/c J'~ 0.003. For NaCI,
c ~1 kc, J~40. There are no data available on the
quadrupole coupling of chlorine, eq&Q&, in NaCl. How-
ever, from (19), the effect of the chlorine on the spec-
trum of sodium in NaCl is negligible if

I eqQI &32 Mc.

APPEmDIX ID. RorAXrOm. L AmD VrSRAVlomAr,
VAR+Horn or q

As in Eq. (4), we take q(E) to be a function of the
form:

q(R) =q'"+ qo'[(R —R )/8 ]+q"'[(E—E )/R ]'+
For this expansion to converge rapidly, the eoeS.-

cients q(0~, q&'&, q(2&, ~ ~ ~ must be of the same order of
magnitude, and the change in E. during the course of
the molecular vibration and rotation must be much
less than R,. A semiclassical argument gives

(aR/Z, )...= (28,/, ) J(J+1),
(~&/~.)- b= (28./~.)'(~+5)',

so that the criteria for the validity of the expansion are:

(28,/(a, )'J(J+1)«1, (28,/(o, )'(v+ ~~)l((1. (20)

To average q(R) over vibration and rotation, we
must use appropriate vibrator-rotator wave functions.
A general molecular vibrator potential is assumed of
the form,

v(z) =E2[(z—E.)/z, ]'+ E3[(z—z,)/R. j'
+E4[(E—R,)/E, ]4+ ~ . (21)

The wave functions for this potential are ob-
tained, solving a harmonic oscillator problem, with
E~[(R—8,)/R, l'+ E4[(R—2,)/R, ]4+ ~ ~ ~ as pertur-
bations. The average of q(E) then becomes,

q = q
&"+(28,/Gl. )'q &"J(J+1)+[ 3q &"(B./co,—) (Eg/K2)

+2q"'(8./ .)j(~+ l) (22)

To evaluate (E3/E2), a perturbation calculation of
the energy for the potential of (21) is performed. Identi-
fying the coefficient of the (e+-', )J(J+1) term in the
energy, as (—n,hc),

~.= —k~.(28./~. )'[1+(KI/E2)3. (23)

Substituting for (Eg/E2) into (22),

q= q~ &+ (28,/N, )'qo&J(J+1)+[3q"'(B./Gl, )
&&(1+~.~./68')+2q"'(B. /~.)3 (24)

The relations (5) then follow from this.


