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In addition to the direct magnetic interaction between two nuclear spins in a molecule, the nuclei can
have an effective mutual interaction-as a result of the magnetic interactions between each of the nuclei and
the electrons of the molecule. Although these indirect interactions are in general small, they are important
in many cases, particularly as a result of the fact that the frequent collisions which characterize most nuclear
paramagnetic resonance experiments cause the direct interaction to average to zero while this is not so for
the indirect. In the present paper, the indirect interactions are evaluated. Contributions arise from a simple
diamagnetic term, a closely related second-order orbital paramagnetism term, and terms due to the mag-
netic interaction of the nuclei with the electron spins. Expressions for each of these terms are given both
for the general case and for the spherically symmetric case which arises when there are many collisions.
Specific numerical calculations of the various effects are given for hydrogen deuteride. It is shown for HD
that the diamagnetic terms are of the order of a few tenths of a cycle per second. On the other hand, if the
suitable mean energy of the molecular excited states is given the reasonable value of 1.4 Rydbergs, the
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electron spin terms are 43 cps in agreement with experiment.

I. INTRODUCTION

NUMBER of observers'™® have recently found
splittings of nuclear resonance lines in molecules
that are independent of the strength of the external
magnetic field in contrast to magnetic shielding effects®
which are proportional to the external magnetic field.
Gutowsky, McCall, and Slichter* and Hahn and Max-
well® have independently pointed out that their ob-
served results could empirically be interpreted in terms
of an interaction between two nuclei V and N’ of the
form hdynIn-In.. Gutowsky, McCall, and Slichter®*
and Drell” attempted to attribute the value of dyy to
the effect of the electron orbital motion magnetically
shielding® the direct magnetic interaction between the
two nuclei, which direct interaction would have aver-
aged to zero in the absence of shielding in experiments
with high collision frequencies. Although such an in-
terpretation was qualitatively of the correct form, it
gave a value of 6yy/ which in most cases was too small
by a factor of ten or more. Ramsey and Purcell® pointed
out in a brief note that the magnetic interaction of the
nuclei with the electron spin magnetic moments which
are in turn exchange coupled together would also give
rise to an interaction of the desired form which should
in addition be of the observed order of magnitude. As
an illustration, they stated a calculated value for dup
in HD and suggested that experiments be made with
HD because of its convenience in calculations.
Recently, the suggested experiments with HD have
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been carried out by several independent observers.®1
As a result the value of dup for HD has been deter-
mined as 434-0.5 cps. With the availability of this
experimental datum it has appeared desirable to pub-
lish some details of the calculation whose results only
were reported in the previous note.® In addition, the
problem merits a better calculation than the earlier
one which was dominantly for the purpose of estimating
the order of magnitude of the electron spin mechanism.
In particular, in the earlier calculation perturbations
by only the lowest triplet molecular state were included
and the relatively inaccurate Heitler-London wave
functions were used. In the present paper, on the other
hand, the contributions of all the excited states are in-
cluded and James-Coolidge!? wave functions are used.

Although numerical calculations are made only in
the case of HD, the formulas used in the calculation

‘are developed in forms applicable to molecules in

general. Likewise, general expressions are obtained for
the nuclear spin-spin interaction which occurs as a
result of the magnetic shielding by the electron orbital
motion even though this effect in the case of HD and
many other cases is small compared to the electron spin
terms.

In the experiments so far performed, the molecules
are subjected to frequent collisions in which case the
theory presented below predicts that the electron
coupled nuclear spin interactions should be of the form
honnIy- Iy in agreement with experiment. However,
in the general case where there are not frequent colli-
sions, the energy of interactions, Eny+, for a specific
orientation, A, of the molecule is

Enxv=hly dxyIv+hdnwIn-In, 1)
9 Smaller, Yasaitis, Avery, and Hutchison, Phys. Rev. 88, 414
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where D is a tensor of second rank or dyadic whose
trace is zero. Due to the vanishing trace of d, frequent
collisions, which average the molecular orientation over
all directions, make d average to zero, so

NORMAN F.

RAMSEY

II. HAMILTONIAN

The Hamiltonian for the molecular system in a mag-
netic field may be taken as

A\Exy =hdnn Iy Iy 2) D=1+ Dot D5+ D4, (3)

where
O1=Zi[3mi L (#/0) Vit (/) ZntynIn X tin/ e+ 3HX 1 P4+ V4O 11+ D s+ Dss+Dsa, 4)
Do=2B1Zinyn{3(Sk- trn) (In- tin)7in=5— S Inrin—3}, (5)
5= (167B%/3)Zknynd (tin) Sk L, (6)
o= =12y Yy {3y tyn) Ay -ty )ran 5= Iy Iy}, 7

The squared term of $; in Eq. (4) above is essen-
tially the same as that used by Ramsey® in discussing
magnetic shielding except that for simplicity a specific
choice of gauge is made. vy is the gyromagnetic ratio
of nucleus N and Iy is the nuclear angular momentum
in units of %. ryy is used to represent r,—ry, where
r; designates the coordinate of the %’th electron. .z,
s, Pss, and gy designate, respectively, the con-
tributions to the Hamiltonian of the electron orbital-
orbital, spin-orbital, electron spin-spin, and electron
spin-external field interactions. For singlet molecular
states the effects of these terms on the quantities con-
cerned are of higher order.

Si is the electron spin angular momentum in units
of . 2 and P; are the terms for the magnetic inter-
action between the nuclear spins and the electron spins.
$3 is obviously such a term since it corresponds to the
classical magnetic interaction energy of two magnetic
moments. 9; is less obvious but corresponds to the fact
that hyperfine structure interaction does not vanish in
an S state as discussed by Fermi;® the form of §; here
used is that of Abragam and Pryce" in their discussions
of nuclear hyperfine structure in paramagnetic reso-
nance experiments.

9. is the term for the direct magnetic interaction of
the nuclei with each other.’® To the first order .
averages to zero in experiments such as nuclear para-
magnetic resonance ones in which frequent collisions

average the molecule over all orientations, since the
expression §4 when averaged equally over all directions
gives zero. This, of course, is not true of molecular
beam experiments for which it gives an important
interaction.'

The electron coupled nuclear spin-spin interactions
are those terms dependent on both Iy and Iy+ which
arise when 91, 93, and 9; are discussed to the accuracy
of second-order perturbation theory.

III. ELECTRON SPIN TERMS

In most cases, the largest contribution to the nuclear
spin-spin interaction comes from the mechanism first
considered by Ramsey and Purcell® which corresponds
to second-order perturbations involving ;. These
terms tend to be the largest because they correspond to
the electrons being closest to the nuclei. Let Esyy-
represent the energy of interaction between nuclei N
and N by this process. Then by ordinary second-order
perturbation theory®

Zyg v Esvn
=—2.[1/(E.—E0)J(0| Ds|n) (n]| D5]0).  (8)

Therefore, if one separates out the NV’ terms and uses
a factor of two because of the terms in which N occurs
in the first matrix element and N’ in the second and

" vice versa,

Egynr=—2(16x85/3)*y x5 Z il 1/ (En—E0) 1(0 8 (ren) Si- Ly [n) (1 [ (xi00:) 85+ I 0). ©)

This is in the form of Eq. (1) provided

OanN = — (Z/Sh) (16#ﬁh/3)27N'YN’Enkj[1/ (E’n—
D= — (2/1) (167BH/3 Yy wyx Z i1/ (Eu—E) 10 [ (ee) i ) (2 6 (xia) S 10) — b5 3,

where §§ is the unit dyadic.

In so far as the electron spin-orbital interaction en-
ergy and other interactions coupling the electron spins
to the molecular orientation are negligible compared to

B E. Fermi, Z. Physik 60, 320 (1930).

4 A, Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London)
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E0)J(0 6(ren) Sk [n) - ( [8(xjn+) S; |0),
(10)

E,—E,, intermediate sums over excited states which
differ only in electron spin configurations can be carried
out in which case there is no preferred direction for the
above dyadic and, since it is traceless, it vanishes,
leaving only & to yield electron coupled nuclear spin
interactions. Of course, even in the absence of the pre-
ceding restriction, frequent collisions will reduce the

~ interaction to the form of Eq. (2) as discussed in Sec. I.
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For accurate calculations of §, Eq. (10) should be
used. However, such a solution would be extremely
difficult because wave functions for the excited mo-
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lecular states are required. Howevef, the calculation
can be simplified by assuming A; to be the suitable
mean value of E,— E, such that

dsnn=— (2/3hAs) (16wBh/3)*y vy N Z ki (0 [8(ren) Sk 1) - (n |26 (x;n)S;0)

= — (2/3hAs) (167BH/3)*ynyn+ (0 |28 (tiew) 8 (xin) S+ S; [0).

A similar approximate relation can be obtained for .

11)

The electron spin enters in 9, as well as ;. In a second-order perturbation calculation strictly analogous to the

above, the terms in 9, only give

dovr=—(2/3h) (2B7)*y Y v Z ki 1/ (En— Eo) J(0 [{3 (S rew) tinrin™®

— Swren?} 1) - (1 |{3(S;- tin ) tiwrin = Sirin 3} |0),

and

(12)

Do =— (2/h) 281)*y YN Z ki 1/ (En—Eo) J(0 [{3(Sk- tan) tinrin™
= Suren?} |n) (n [{3(S;- 155) tjworin 5= Syrin?} [0) — b J-

In the present case, unlike the preceding one, even if
the electron spin orbital interaction is negligible, Doy
will in general have a nonvanishing value because of
the direct dependence of the matrix elements on mo-
lecular orientation. On the other hand, frequent colli-
sions as discussed in Sec. I will lead to a zero average
value of D in this case as well as in the preceding. For
purposes of approximate calculation, Eq. (12) can be

and

reduced to a form analogous to Eq. (11), in which the
wave functions of the excited electronic states are not
required provided a suitable mean effective energy A,

“of the excited states is assumed.

There remain the possibility of cross terms between
92 and O;. Selection of these terms in the preceding
manner leads to

doann = — (648%%/ )y vy v Z i 1/ (En— Eo) 1(0 8 (xen) Sk [2) - (n [{3(S;- tjw ) tiwrin 2= Srin=2} [0),  (13)

Basw = — (648%71/3) Yy N Z ki 1/ (En—Eo) J(0 [6(rin) S [) (1 {3 (S tjw) tzvrsoe == S =} [0) — Basww: J.-

It should be noted in this case that if the electron spin
is only weakly coupled to the molecular orientation
dosvne (not Desyy) vanishes, since the quantity in the
first-matrix element has no orientation dependence to
prevent the quantity in the second-matrix element from
averaging zero. As a result, if there are also frequent
collisions, the entire average contribution from the cross
terms vanishes.

There remains the possibility of electron spin de-
pendent cross terms between 9; and either 2 or s,

but as $: does not perturb the electron spin states, its
matrix elements vanish between those states for which
s and 93 have their matrix elements unless there is a
strong electron spin-orbital coupling.

IV. ELECTRON ORBITAL TERMS

The only terms in $; that depend upon the Iy’s in
the absence of an external magnetic field are one of the
following: '

D10 =Zn2(eh/2mpct)liyn In X tien/rin®) - Vi

= —Zin2ynIy - mun®/7ind,

(14)

1D = iwn (€52 2mic?)ynyn (In X ten/ren®) - (I Xt /75875

= v (1 2mp)ynyn In - [ trw - tev— ten ten Jrenrin - I

(15)

Then if Eq. (8) is applied to these and the terms dependent on Iy and Iy- are selected as was done previously, where

blNN'= ablNN’+bb1NN’,

Sivn' = dinn T sdivN,

OINNT= (4/3]2)’)’1\/’)/1\{' (0 IE}C (e2ﬁ2/2mkc2) Yirn'* I’).«,N”IcN_s?’kN’_3 |0),
uvn = — (8/3) iy xyw 2 1/ (En—Eo)J(0 |menren™ |n) - (n [mynO7;n72(0),

DIV = (z/h)'YN’YN’ (0 |Ek(€2ﬁ2/2mk62)[3rkzv' ‘TeN— rkN'rkN]7kN_37'lcn'_3 |0) - a51NN'3,

and

(16)

vy = — (8/ My Ny N Z kil 1/ (En—E0) J(0 [mynrin 1) (0 [mnOrjn =2 |0) — sd1vav .-
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V. APPLICATION TO HYDROGEN DEUTERIDE

Numerical calculations of the above quantities may
be carried out for the molecule HD. Since the experi-
mental observations so far have been on molecules
subjected to frequent collisions, only the §’s in the above
equations need be calculated for comparison with the
present experiments.

For terms arising from $s, if the orbital and spin
wave functions are assumed separable in the ground
state with primes designating the former and double
primes the latter, Eq. (11) gives

Ssap=— (4/3hAs) (16mBh/3)*vrryp (0’| 6 (r1m)
*8(r2p) [0) (07 81+ 8,[07),  (17)

where the extra factor of two arises from the double
summation over the two electrons. Since

(0] 81- S5 0) = (0" |3{S*— S2— S} |0") = —3,
Eq. (17) gives

dsup= (1/hA3) (167B%/3)*yayp (0 |8(r1n)d(rep) [0) (19)
= (648hyryp/9As) |¥| *1mep,

where |¥|1mep? is the probability density for the first
electron to be on the proton while the other electron is
on the deutron.

The matrix element in the preceding equation is of a
form that is easy to evaluate with the James-Coolidge®
wave function for the hydrogen molecule. The result
of such an evaluation is

(0 l 5(1‘11—1)5(1’21)) l 0) = 0.0600/(106, (20)

where ao=7#%/me®>. With this value and with numerical
expressions for the other quantities,

d3ap=55.8/A; cps,

where A; is expressed in Rydberg units.

.The problem of selecting A; is, however, difficult.
Indications of its possible range of values, however, are
provided by the following results. For the internuclear
spacing of 1.4 ao, the lowest triplet state as calculated
by James, Coolidge, and Present!® is 0.67 Rydberg
above the ground state, whereas the energy required to
ionize the molecule doubly, while the internuclear
spacing is maintained, is 3.77 Rydbergs. For the analo-
gous mean quantities, A, in the theories of the elec-
tronic contributions to the rotational magnetic mo-
ments and to the spin-rotational magnetic interaction,
Brooks 7 has selected 1.97 and 1.1 Rydbergs, respec-
tively. For lack of other means of determining A; it

(18)

(21)
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seems best to use the results of the subsequent para-
graphs that all other contributions to § are approxi-
mately 3 cps whence the experimental residual value
of 40 cps can be used to determine A;. With this pro-
cedure a value of A;=1.4 Rydbergs in Eq. (21) yields
the residual value of 40 cps for 8;ap. The value of 1.4
Rydbergs is reasonable in view of its above indicated
possible range, though from one point of view it appears
to be slightly high since the occurrence of the §-func-
tions would suggest that the low-lying states should be
much more effective than the high.

An alternative expression to Eq. (19) without the
assumption of a mean value Aj is possible if it is merely
assumed that for the two electron problem the spin
and orbital wave functions are separable in the ground
and excited states with the spin wave functions being
expressible in the usual fashion.!® With this assumption
and with »'” representing an antisymmetric orbital
wave function of the excited molecule, it is easy to
show that

Ssup= (2/h) (16mBh/3)*yrrypZwr[1/ (Eniro— Ey) ]
(0 8(xm) | #") (" | 8(x2p) | 0).  (22)

If adequate wave functions for the higher electronic
states should ever become available, this would be the
most suitable expression for determining d;ap and for
investigating the difficulty mentioned at the end of the
preceding paragraph.

In one respect Eq. (22) has a surprising behavior.
If the two nuclei in HD were pulled apart approaching
the case of two isolated hydrogen atoms, the value of
E,..—Ey would approach zero for the lowest anti-
symmetric orbital state,” whence the contribution of
this term would go to infinity making § infinitely large
for two isolated hydrogen atoms, contrary to reason.
The explanation of this paradox is that Eq. (22) and
the other similar equations are valid only in so far as
the perturbations giving rise to them are small com-
pared to the electronic separation of the states; that is,
they are valid only in so far as the magnetic interaction
between the electrons and the nucleus is small com-
pared to the energy difference between the singlet and
triplet states. The latter is not true for two almost iso-
lated hydrogen atoms.

The expression for é;up can be simplified from Eq.
(12) by the assumption of a mean excitation energy A,
analogous to Eq. (11), by the assumption that the spin
and orbital wave functions are separable, and by the
assumption that S1= — S, in the electronic ground state.
The result of these assumptions is

darp= (1/3hAs) (28%)>yrypl (0 [{3tmrimrin®— Jriw3} : {3tenronren SJran ) |0)

+ (0 [{3riarmr e — Jria~*} : {3riptivrio5— Jrin 2} 0) ].

If the last dyadic multiplication is carried out the
result is a second Legendre polynomial in the angle be-

16 James, Coolidge, and Present, J. Chem. Phys. 4, 194 (1936).
17 H. Brooks, Phys. Rev. 59, 925 (1941); 60, 168 (1941); and
private communication.

(23)

tween r1x and rip which can be re-expressed with the aid
of the spherical harmonic addition theorem!® with the

18 L. Pauling and E. B. Wilson, Introduction to Quantum Mechan-
ics (McGraw-Hill Book Company, Inc., New York, 1935), p. 344.

B E. U. Condon and G. H. Shortley, Theory of Atomic Spectra
(Cambridge University Press, Cambridge, 1935), p. 53.
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result given in the second part of the next equation. In
addition, if one makes the restrictive assumption that
the electronic wave functions consist of sums of terms
which are products of factors each of which depends on
the coordinates of a single electron in a cylindrically
symmetric fashion, the first dyadic product can be
simplified since the simplification of cylindrical sym-
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metry can be applied to each dyadic separately. This
assumption is applicable to the wave functions of
Heitler-London,'® Wang,'® and Nordsieck® but not to
those of Newell?! and James and Coolidge.'? With these
simplifications and with 6, being the angle between ria
and the internuclear axis, 8, between rsp and the axis,
05 between rip and the axis, Eq. (23) becomes

0oHD= (1/3hA2) (Zﬁﬁ)z’YH’YD[(O !{3 C05201— 1}71H—3{3 COS232—‘ 1}1’21)—3 IO)

An approximate evaluation of this expression with
Heitler-London wave functions and with A,=1.4 Ryd-
bergs indicates that up is approximately 3 cps. How-
ever, a better evaluation of this based both on better
wave functions and fewer approximations would be
highly desirable. The contribution to dup of d23mp can
be neglected by the argument in Sec. III.

There remains only the term §;ap. The first term for
this as given in Eq. (16) can be approximately evalu-
ated with Heitler-London wave functions with' the
result that 461up is approximately —0.1 cps. The author
has been told that Drell” in an independent calculation
has reached a result of the same magnitude. Since the
calculation is an approximate one and since the very
small value is achieved by two terms of six times this
size almost canceling each other, the actual interaction
for .61up might be of either sign and as large as 0.5 cps,
but it is probably smaller and of the order of 0.1 cps.

The term 61up is more difficult to evaluate. Even if
a mean energy A; for the excited states is assumed to
reduce Eq. (16) analogously to Eq. (11), mean values
of an expression involving second derivatives of the
ground-state wave function are required; as discussed
by Wick,” such expressions are difficult to evaluate
accurately. However, an indication of its probable
magnitude can be inferred from the facts that in the
analogous cases of diamagnetic susceptibility,*® and
magnetic shielding® the second-order paramagnetism
terms are 3 percent and 21 percent, respectively, as

2 A. Nordsieck, Phys. Rev. 58, 310 (1940).

21 G. F. Newell, Phys. Rev. 78, 711 (1950).

2 G. C. Wick, Z. Physik 85, 25 (1933).
2 N. J. Harrick and N. F. Ramsey, Phys. Rev. 88, 228 (1952).

+37(0 |{ cos?h1— 1}r153{3 cos®3— 1}71p2]0)]. (24)

large as the corresponding simple diamagnetic terms.
It is therefore probable that the second-order para-
magnetism terms are no larger than about half a cycle
per second in the case of HD.

VI. CONCLUSIONS

In the case of HD, by far the largest contribution to
the electron coupled interaction between nuclei is due
to the electron spin terms as in Egs. (10), (12), and
(21) with the electron orbital terms probably account-
ing for less than 1 cps out of the observed 43 cps. With
different molecules, on the other hand, the electron
orbital contributions may be relatively much larger,
in which case Egs. (15) and (16) must be evaluated.

It should be noted that all of the effects calculated in
the present paper are proportional to the product
vnyne. Consequently a measurement of the nuclear
spin-spin interaction constant dyx+ in molecules which
differ only in consisting of different isotopes of the same
element would be of great value in confirming that the
observed interactions are indeed magnetic ones as
assumed in the present paper. A slight departure from
strict proportionality to yxvyy- might be expected in
two molecules differing isotopically due to different
amplitudes of zero-point vibration* and to different
electronic reduced masses, but these should be. rela-
tively small departures.
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