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ABSTRACT

VanVleck's equations for A-type and spin doubling in 1,22, and 211 states are re-
stated in convenient form for application to empirical data, explicit equations being
given for each component separately in a A-type or spin doublet. The equations have
been applied to a wide variety of data on many molecules, including data on 2II states
corresponding to numerous intermediate coupling cases between @ and b, and have
been found to fit excellently (cf. Figs. 1-4). Incidentally this has made possible a revi-
sion of the hitherto doubtful assignment of J values for the Q¢ lines in the 2II, 2Z bands
of CaH, and has permitted identification of the SR branch. Empirical values of the
coefficients in Van Vleck’s equations have been obtained for many molecules, and are
given in Tables I and II.

From the observed values of these constants further confirmation of Van Vleck's
theoretical results is obtained. In most of the molecules examined a Il and a = state are
found which stand to each other in the relation called “pure precession” by Van
Vleck, or something similar; that is, the IT and the = state act as if they had electron
configurations essentially alike in all respects except that one electron has A=0 in the
T state but A=1 in the II state, or vice versa. The existence of such relations strongly
indicates that the » and / values previously assigned to outer electrons in hydrides
have almost the same well-defined significance as they would in an atom formed by
uniting the H nucleus with the heavier nucleus. For example, in the normal (%) and
first excited (*II) state of CdH, with configurations. . .5s0?5ps and. . .5se25pr, the
present evidence shows that the last electron really behaves like a 5p atomic electron,
even though the normal (Z) state is formed with a small energy of formation from a
normal Cd atom (.. .5s? 15) and a normal H atom (1s, 2S). Another type of case, in
which a close similarity of the electron orbits to two separate atoms is evident, is one
which is found in He,, Lis, and Na,. In He, the 15¢22p53p7, 32,7 and the 15622p52pm,
311, states act as if the relation of pure precession were fulfilled. This is presumably be-
cause the 3ps election acts essentially like 2p7, the 3pe and 2p7 both becoming 2p on
dissociation of the molecule.—In the CaH molecule an interesting complicated case,
earlier discussed by Watson, occurs in which strong Z-uncoupling and spin uncoupling
occur simultaneously in a *II state. The theory accounts well for the observed rela-
tions in this case (Figs. 2, 3, 4).

INTRODUCTION

HE theory of A-type doubling, as developed by Kronig and especially by
Van Vleck for II, 2IT and other states of diatomic molecules,! has inter-
esting possibilities of application to which not much attention has been given.
It is capable of giving helpful clues to the interpretation of band structures
and to electron configurations. In a recent paper? on the SiH bands, the quali-

1 R. de L. Krorig, Zeits. f. Physik 50, 347, 1928 (singlet states); J. H. Van Vleck, Phys.
Rev. 33, 467-506 (1929).
2 R. S. Mulliken, Phys. Rev. 37, 733 (1931).
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tative theory has been used in this way. In the present paper, further qualita-
tive applications of the theory are made, as well as quantitative tests. The
closely related theory of spin doubling in %2 states! is also tested and applied.
As a result of this work, experimental confirmation of certain details of the
theory is obtained,® and evidence in regard to the electron configurations of
various molecules is secured.

Before proceeding to the application of the theory, it will be helpful to
summarize the equations for the widths Ay of A-type doublets in 'II and 2II
states and of spin doublets in 22 states. The equations can be made considera-
bly more useful by giving explicitly the sign as well as the magnitude of the
Av’s. This was not done by Van Vleck, although the proper results are con-
tained implicitly in his work.

For A-type doubling, the following definition of Ay (in cm~!) will be used

here
AVdc(]) = Td(]) t Tc(f)- (1)

This expression, rather than 7'.(J)—T4(J), has been chosen because it is
usually positive. The reasons why 7'y — 7', is usually positive, but sometimes
negative, form one of the subjects of this paper. The symbol 7'(term) means
E/hc, where E is the total energy. The definitions of ¢ and d rotational levels
in A-type doubling will be found in a recent article in Reviews of Modern
Physics.* These definitions were chosen primarily for singlet and case b
states, the assignment of the designations ¢ and d for the levels of case a
states then being determined on the basis of an adiabatic correlation with
case b. This method of assignment for case a seemed advisable because of the
many examples of states intermediate between cases ¢ and b, and because of
the frequent occurrence of case ¢ states which go over with increasing J into
case b. The examples of 2II states discussed below are largely of these types.
For 22 and also for case b *II states, the following definition will be used

Aryp(K) = Ty(K) — T(K), (2)
where J=K+1 for Ty and J=K —1} for T%.

REVIEW OF THEORETICAL RELATIONS FOR I AND OTHER CASE b II STATES
For any I state, Van Vleck finds®®

TiK)=To+BEKE+1) —20+ C+C)EE+1)+ - -;

3
LK) = To+ BUC(K +1) — 20+ € + COKK + 1) 4+ -+ O

8 The main features of the theory are in striking agreement with experiment.

¢ For definitions of ¢ and d levels in A-type doubling, of positive and negative rotational
levels, of 2+ and =~ states, and of even and odd (g and #) electronic states, cf. R. S. Mulliken,
Rev. Modern Physics, 3, 91-95 and 146-7 (1931).

5 Cf. Eq. (44) of Ref. 1. Here we have used X instead of J (Van Vleck's j), which is per-
missible since K=/J in singlet states. The correlation of the component involving Ci with Ty is
not given explicitly in Van Vleck’s paper, but can be seen by a study of the development given
there, according to a private communication from Van Vleck.

6 All coefficients such as C, C; and quantities such as », Av, are given here in spectroscopic
units (cm™), although in Van Vleck’s paper C, C\, etc. are in ergs and » is in sec.™®
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Hence, as was also shown by Kronig,!
Avg(K) = gK(K + 1), with ¢ = C; — Ca. 4)

In Eqgs. (3) and (4), C and C, may be expected usually to be much smaller
than Ci. These coefficients are given” by

C=—4%2 (all » values of all *A states) l BLy(A, H) I 2/V(A) H);
C1 8 z (all v values of of allls? states) [ BL,,(H, E+) l 2/1’(11) E+):

while C, is like C; except that the summation is over all 1=~ states. [In the
case of a molecule composed of two atoms of the same element, the summa-
tions need be taken only over 'A; and 1Z, states if the II is a 'II,, or over A,
and 'Z, states if it is 'IL,.] In these equations »(II, =+) is the frequency (cm—)
corresponding to any I[—12+ transition from the given 'II state and » value
to any 2+ state and v value, and is taken as positive or negative according
as the I level is above or below the 1Z+ level; »(A, IT) has an analogous mean-
ing. The expression BL,(II, Z*) denotes the matrix component, corresponding
to a II, 2+ transition involving the given !II state, of the quantity BL,, B
being %/8w?ucr? and L, being one of the components L, and L, of the resultant
electronic orbital angular momentum vector L perpendicular to the electric
axis (the component parallel to the axis is represented by the quantum num-
‘ber A). Approximately, at least if v is small in the II state, B can be treated as
a constant (equal to B, of the II state), and the summation over different »
values in each =+ or A state in Eqgs. (5) can be set equal to unity. This gives?

Cl ~ 8Bv22(31112+ states) I Li/(H; Z+) l 2/V(H) 2+)y (53')

®)

with corresponding equations for C and C.. In Eq. (5a), »(II, 2Z*) should be a
suitably weighted mean of the »’s which would correspond to transitions be-
tween the given II level with its given v to various v values of the 2+ state.
(This means » can be determined in the manner described below in the first
paragraph of “calculation of g, go, and v, for pure precession.”) If the inter-
action between spin (S) and orbital electronic motion is very small, as in
Hund’s case b, the results just given for II and 'Z states obviously apply also
to IT and 2 states in general.

In the summations given for C; or C. (let us assume for the moment that
C~0), it often happens that one term is much larger than all the rest be-
cause v is unusually small or because the BL, matrix component is much lar-
ger for one '2 state than for all the rest. If one matrix component predomi-
nates over all others, we have Van Vleck’s case of “pure precession,” or some-
thing similar to it. In this case we may sometimes think of L as precessing
uniformly and corresponding to a well-defined quantum number. The 'II and

7 Cf. Eq. (45) of Ref. 1. L, (same as Van Vleck’s 1,) is used here, since it is identical for
singlet states with Van Vleck’s P, (y component of total electronic angular momentum), and
since L, rather than P, is needed in equations for ?II states (cf. Egs. 9, 10). The arguments of
BL, and of » have been abbreviated here in a way that is used by Van Vleck later in his paper,
but which is also convenient for II states.

8 Cf. pp. 478-9, Egs. (23)—(24), footnote 39, and p. 488 of Ref. 1.
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the corresponding 12 state then share this L and differ only in that A=1 for
I and A=0 for 2. But usually matters are more complicated, so that we
should not think of L as being a well-defined quantum number for the molecule
asa whole. The case of pure precession can, however, still be fulfilled if even
just one electron has a well-defined J. If the sum of the \ values for all other
electrons is zero, then A is equal to the N value of this one electron. If this
special electron has I=1, then according as it hasA=1 or 0, we have a II or
a 1 state; and we have a relatively very large matrix component for BL,
(I1, 2) in Eq. (5) or (5a). Similarly if it has =2, we have a 'A, a II, and a =
state, for which L (A, I1) and L,(II, Z) are both large, and C is comparable
with C;. When more than one electron has pure precession, similar but more
complicated cases are also possible.

The existence of well-defined I's is to be expected in the case of outer elec-
trons whose orbits approximate those in the atom which would be obtained
by uniting the two nuclei. This situation occurs especially in the case of hy-
drides where the charge on the H nucleus is much smaller than the effective
charge on the other nucleus, and (for one electron) in excited states of such
molecules as H, and He,, where the orbit-dimensions of the excited electron
greatly exceed the distance between the nuclei. As will be shown later, A-type
doubling relations indicating well-defined /’s are also found for electrons whose
orbits are nearly the same as if the two atoms were separate, and we again
have a case which will here be classified under the heading “pure precession,”
although it is not the same as Van Vleck’s pure precession.

If the case of pure precession applies approximately to an electron which
determines A, all other electrons being in closed shells (or else one or more of
them in o orbits differing in / or # from the precession electron), then?®

C=— B2+ 1—2)/vA 1), and C; = 2B, + 1)/»(I1, Z), (6)

while Cy=0, since the conditions stated just before Egs. (6) can be fulfilled
only for Z+ states. If /=1, of course C=0. For any value of /, Eq. (6) gives for
q of Eq. (4),

g = 2B+ 1)/»(1, 2) (7

Egs. (6) and (7) would also apply, with L instead of [, in case L should be a
well-defined quantum number. In this case, 2~ as well as 2+ states are pos-
sible. If the 2 state is 2—, we have C;=0, while (; is given by the second
part of Eq. (6) and the expression for ¢ in Eq. (7) must be preceded by a
minus sign. Egs. (6) and (7) involve the assumption that B, is independent
of A for the states concerned in the pure precession.? This is to be expected
only in the ideal case of pure precession. When it is not true, the correct
procedure would seem to be to use B, of the II state in Eqgs. (6) and (7),
and then for »(II, 2) to use the value which would be obtained if B, were the

9 Cf. Ref. 1, Eq. (46) and pp. 488-9. Professor Van Vleck kindly pointed out to us the
necessity of modifying Egs. (6) and (7) when there is independent precession of I’s of more
than one electron of given 7z and /. The argument leading up to Eq. (7a) was also suggested by
him.
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same for the 2 asfor the I state (cf. later section,—$109,—on “calculation of
b0, qo, and v, for pure precession”).

According to the conditions stated in introducing Eq. (6), Egs. (6) and
(7) are applicable to pairs of states such as the following: (4)npo, 22+ and
case b (A)npw, 4Al; (4)(mo)(npa), 12+ and (4)(me)(npw), II. Often, how-
ever, we have cases such as the following, with two, three, or more electrons
alike in # and I: (4)npa?, Z+ and (A)nponpw, UL; (A)npeinpw, I and
(A)nponpw?, 22+, 22—, 2A, 42—, and npw®, UI; and so on. In the case of two
electrons alike in # and I, and giving a 12+ state (¢2) and a 11 state (ow), it is
easily shown that in the limiting case of independent pure precession of their
I’s (and approximately in the actual case, unless there is a well-defined L),
the values of C; and ¢ are just fwice those given by Egs. (6) and (7). The
proof is as follows.? Suppose we designate by I,(s, m) the value of the I,
matrix element which one gets in Eq. (5a) for pure precession for the case of
a single electron fulfilling the conditions stated before Eq. (6). Suppose
further that we designate by /,(¢2, o7) the corresponding matrix element for
the above case of two electrons alike in # and [. Letting ¢, and {1 represent
wave-functions, neglecting spin, corresponding respectively to the two cases
A=0and A=1 (o and 7), we have

h@ﬂ=fWM%,

Ly(a*®, o) =f(lyx+lyz) [Wo(D¥o(2) 1 (1/2972) [Po(1¢a(2) +0(2)¢ (1) [¥dridrs.

The second relation is true on the assumption of a vanishingly small inter-
action between the two electrons, but should usually hold fairly well in the
actual case, unless there is a well-defined L. The integral reduces to
(1212 [[1, po(DY*(V)dri+ [, 0 o(2)¢:*(2)dr,], which is 2/2'2 times the
integral representing I,(c, 7). Hence ll,,(rﬂ, o) l2=2 il,,(a, ) 12. From this
the statement above as to the values of C; and ¢ follows. That is:

(62, 0m): q = 4BA1 + 1)/v, Z) = (. (7a)

In cases where the number of electrons with given # and / is greater than
one or two, more complicated relations may in general be expected. If, how-
ever, the 2 and II states have respectively the configurations o7* and o2#®
(closed shells minus one o or m electron), it is fairly evident that Egs. (6) and
(7) apply just as to the case where only one ¢ or 7 electron is present outside
of closed groups.

13 states. In connection with Egs. (3), (5), (5a), (6), the following equation
for 12 states is of interest.10

T(K) = To+ B*K(K +1) + -+ -,
where

10 This is obtained from the equation for 2Z states (Eq. 15 below) by dropping the terms
in the latter which depend on electron spin.
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B* = B’u — 8 Z(alllﬂ states) ‘ BL,,(H, E) I 2/V(H: 2) (8)

In the case of pure precession, the summation in Eq. (8), like C; or C; of Eq.
(5), becomes identical with Ci, or with Cs, in the case of a =~ state, of Eq. (6).

REVIEW OF THEORETICAL RELATIONS IN 2II AND 23 STATES

For the general intermediate case between a and b Van Vleck obtains for
?II states an equation for the term values that includes the effects of spin
doubling and A-type doubling simultaneously. Van Vleck’s equation, which
involves an expansion that gives a good approximation if [A ’ << {V(II, Z) ‘,
is as follows:!

TU) =To+ B.{U + 3P~ 1+ 3 X} +3{o+ §p* + ¢*0 + D}
+ 31X @2 — V)0 + % + ¢¥) + (* + 2000 — DU +3/2)} 9)
+[tBU+H{[+ 1+ X2 -D]Gr+ 9
+2Xq0 - PO+ 3D+

The first term Ty+ B, {} in Eq. (9) is nothing other than the fami-
liar Hill and Van Vleck term, which correctly represents the energy, taking
care of the effects of spin uncoupling, in the absence of /-uncoupling. The
latter, which is the cause of A-type doubling, gives rise to the remaining terms
in Eq. (9). In Eq. (9) the upper (+) sign in the case of a + sign refers to T
levels, the lower (—) sign to 73 levels, except that in the case of the bracketed
[+] sign, the + sign refers to T’ levels, the — sign to T, levels. It will be
seen that Eq. (9) really contains equations for all of the four kinds of levels
Tsa, Tec, Tha, and Ti.. [It should be recalled that T corresponds to 2IIj, in
regular case @, to J=K —1% in case b, and to *II; in inverted case @, while T}
corresponds to 2II; in regular case @, to J =K% in case b, and to *II;; in in-
verted case a.]| In Eq. (9), X stands for the positive square root of [ V(¥ —4)+
(J+3%)?], with Y=A4/B,, where 4 is the coefficient of the coupling energy
between S and the orbital electronic motion.

The coefficient ¢ in Eq. (9) has exactly the same meaning as in Egs. (4)—
(5), except of course that 22 2Tl are meant here instead of 12, 'II; g* stands
for Ci+Cy=¢+2C,. The coefficient p* means a;+a,=p-+2a., while p is
given by

P = a1 Ay, (10)
where

a, = 8 Z(all » values of all ’s™ states) [I/V(H; 2+)]

{ (Real part of [AL,(II, =+)BL,(Z+, )]}, (10a)

1L Eq. (9) is obtained from Van Vleck’s Eq. (61) as follows. First g, u*, 9, etc. in Eq. (61)
of Ref. 1 are replaced according to Van Vleck’s Eqs. (58). In doing this, each x has a double
value (p=0+¢), which gives A-type doubling. On investigation, it proves that x=0+¢ has to be
associated with the d levels when there is a + sign (T%) in Eq. (61), but with the ¢ levels when
thereisa — sign (71) in Eq. (61), i.e. p=0-+¢ corresponds to T%g, and Ti.. Similarly, p=0—¢
corresponds to Ty, and T14. When due account is taken of the + signs which give T or T3, and
of those which give T, or T4, and when suitable abbreviations are introduced, Eq. (9) results.
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with a corresponding summation, involving 22~ states, for a¢.. The coefficient
oin Eq. (9) is given by

0 = E(all » values of all *2 states) [I/V(H, E)] I ALy(H7 2) l z, (11)

[In case the molecule is composed of two atoms of the same element, the
summations for ai, as, or o need be taken only over 22, or only over 22,
states, according as the 211 state is *II, or 2II,.] '

It should be pointed out that Eq. (9) was derived! under the assumption
that interactions of the *II state under consideration with %A states are negli-
gible in comparison with interactions with 22 states. This is usually but by no
means always true: cf. Egs. (3), where the interactions with 'A states are
taken care of by the terms involving C. To remedy this deficiency, further
terms should be added to Eq. (9), but the form of these is not yet known. An-
other deficiency in Eq. (9) is the fact that it takes no account of the variation
of the moment of inertia of a molecule with J. This can be removed probably
nearly perfectly by replacing B, wherever it appears, explicitly or (in ¥, X,
0, p, and ¢) implicitly, by B,, « as given by Egs. (24) ahead.

In the same way that Eq. (5a) was obtained as an approximation to Eq.
(5), one gets

a1~ 8AB,Z i1 s* statesy | Ly(I, ZF) | 2/»(IT, =+). (10b)

If we have approximately the case of “pure precession,” the expressions for
g and p can be simplified, giving

g = 2B,20 + 1)/v(WI, 2), p = 24B,10 + 1)/»(1I, Z) (12)

Egs. (12) hold under the same provisos as Egs. (6) and (7) and apply only
for 2+ states. If there is pure precession of an L, this should appear instead of
lin Eq. (12). With an L, the 2 state may be 2, and in this case a minus sign
must be inserted on the right side of each Eq. (12). Under the provisos which
apply to Eq. (7a), the right hand side of each Eq. (12) must be multiplied
by a factor 2 (cf. Egs. 7 and 7a).

If one puts A~-+ o or —» in Eq. (9), one gets for A~ in the T}
case and for A~ — o in the 7% case, corresponding respectively to regular and
inverted *II;, equations which can be written as follows:

T(7) = Const. + BJUT + 1) F [ Hp0 +H + - . (13)

The upper sign in F applies when 4 is positive, the lower when it is negative,
while the upper sign in [+ ]| applies to T4, the lower to T',. The constant is
different for A positive than for 4 negative. Eq. (13) shows that in case a
21, states, the correction terms corresponding to A-type doubling are prac-
tically equal and opposite for T'.(J) and T4(J).

Experimentally it is easier to study the doublet separations Avg, than the
terms themselves. From Eq. (9) the following expression can be obtained
immediately (cf. Eq. 1):

Mvae() = [Gp+ (142X 1 =YX )+ 2¢X'(J - T +3/2) ] +3) (14)
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In Eq. (14) the + sign in +1 refers to T3 levels, the — sign to 7 levels. For
case a *II; states this reduces (cf. Eq. 13) to

Casea ML Avg, = + p(J +3)+ - . (14a)

Here the — sign applies when 4 is positive, the 4+ when it is negative.
Ifin Eq. (14) we put A~ — o in the T case or A~ o0 in the 7} case, and
suitably expand, both results can be expressed!? by

Casea My:Avg = & (p/V2+ 2¢/V)JT — 1T + 3 +3/2) + - - - ,(14b)

the + sign applying when 4 is positive, the — sign when it is negative. [The
term equations for *II;;, analogous to Eq. (13) for ?II;, are more complicated
and less interesting, and so are not given here. |

In real case a( [ Yl> >1, but not infinite), Eq. (14a) gives wide A-type
doublets, since p is approximately proportional (cf. Eq. 12) to AB,=B,*Y,
while Eq. (14b) gives narrow doublets, since (p/¥Y2+2q/Y) is approximately
proportional to B,?/4 =B,%/Y (cf. Egs. 12, 10, 10a). Since p (and so p/¥?)
may be expected to have practically always the same sign as 2¢/Y (cf. Egs.
4,5, 5a, 10, 10a, 10b) for a given %II state, Eqgs. (14a) and (14b) show that
Avg. should practically always have opposite signs for a ?II, and its corres-
sponding *IIy; state in case a. In practice, Av,, is commonly negative for 2II;
in case @ and positive for 2II;;; the reasons for this will be discussed shortly.
A study of the behavior of Eq. (14) shows that, for states which are near case
a for low J values but go over to case b with increasing J, Avg, finally changes
sign in the case of the *II; levels (cf. Fig. 1). Thus for large enough J it has
the same sign for Ty and 7% levels, as is required in case b.

Spin doubling in 22 states. For 22 states, Van Vleck finds®

T=To+O0+B*K(K+1)+3[J0U+1) - KE+1) =SS+ D]+ -, (19)
where of course S=1. In Eq. (15),
O = — Z (a1 states) H AL, Z) I 2/"(11; 2)];
B* = B, — 83 @l states | | BL,(I1, 2) | 2/»(11, 2)], }
and y = 82 (@i states [1/7(I1, ) ] { Real part of [AL,(1T,Z)BL,(2, M) |} (17)

2 The equation given here for case a 2II; is the same, except for the precise specification
of the sign, as the equation given by Van Vleck (cf. Ref. 1, Egs. 49, 56). Eq. (14b) corresponds
to Van Vleck’s Egs. (50, 51),—2¢/ { Yl here corresponds to Van Vleck’s b, — except that Eq.
(14b) contains a term p/ ¥ | V| neglected by Van Vleck. Actually this term is of the same order
of magnitude as the term 2¢g/ I Y|, as can be seen by considering the case of pure precession (Eq.
12 above), and remembering that Y=4/B.

13 Eq. (15) is easily obtained from Van Vleck’s Eq. (65),— cf. his Eq. (67),—by amalga-
mating the terms— (1/4)~ + % hA», with the + sign for J=K — }; hc T is the same asVan Vleck’s
E. Here we have defined v so that it is the negative of Van Vleck’s a’. As Van Vleck remarks,
v in Eqgs. (15) and (18) should really be replaced by v+a’/, where }a’' [J (J+1) - K (K+1)
—S(S+1)]is the energy of the spin .S in the magnetic field produced by the rotation of the nu-
clei. Van Vleck states that a’/ is of the order of m/u times the coefficient 4 (m and u are re-
spectively the electronic mass and the reduced mass of the nuclei), and shows that one then ex-
pects |a'’| < |v|. Although it would be difficult to prove, it seems probable that a’’ is usually
negligible compared with v, and we shall so assume in this paper.

(16)
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[In case the molecule is composed of two atoms of the same element, the
summations need be taken only over all 2II, or over all *I1, states, according
as the 22 state is 22, or 2Z,.] From Eq. (15) one finds (cf. Eq. 2),

Avyp(K) = v(K + 3). (18)

If for a particular 22 and 21 state the case of “pure precession” holds, then,
at least if the provisos applying to Eqs. (6) and (7) are fulfilled, the sum-
mation for v in Eq. (18) reduces to a single term, and this one term becomes
identical, if B, is the same for two states, with the single term to which
the summation for p reduces. Since p =a;—a2, and since a, =0 for Z+ states,
this single term is one of the terms of a; (cf. Eq. (10a)). In this case (cf. Eq.
(12)) we have

v = p =24B,J( + 1)/»(, Z) (19)
At the same time, O of Egs. (15), (16) becomes equal to —o of Egs. (9),
(11), and B*— B, to q of Eq. (9).

Spin doubling at high J in *11 states. If A is not too large, the rotational
levels of a 2II state become approximately of case b type when J is large
enough. It is of interest to consider the form of the doublet separation Av(K)
for this case. Avy;o(K) can be obtained here by taking T1(K) — T2(K) = T1(J1)
—T5(Js), where J1=K+% and Jo=K—4%. If the A-type doubling is neg-
ligible, we need only the Hill and Van Vleck formula,—the term T,
B,,{ s } in Eq. (9),—and from this get

HVV, Avp(K) = B,[(2K + 1) — (X1 + X3)], (20a)
where
Xi= X)) = [V(¥ — 4) + 4(K + 1)2]"/2, and
Xo = X(Jo) = V(¥ — 4) + 4K?] 2,

Often, however, the effects of A-type doubling are not negligible. Using
the complete Eq. (9) to get Av15(K), one obtains for the case that 8K2> > 1?2,
after a considerable amount of algebraic manipulation including an expan-
sion, the following simple approximate relation:

Avip(K) = [HVV, Avin(K)] —3(p* + p)(K+3) + -+,  (20b)

where the + sign in + refers to the d levels, the — sign to the ¢ levels. Re-
calling that p* =a;+as, p =a1—as, we find that if the %II state interacts main-
ly only with one or more 22+ states, so that a;=0 (cf. Eq. 10a), we have
p¥=9p, and
Avigo(K) = [HVV, Avip(K)] + - - -, (20c)
Avia(K) = [HVV, Mvia(K)] — p(K +3) + - - - . (20d)
If the interaction is mainly with 22~ states, we have a; =0 and the left-hand
sides of Eqgs. (20c) and (20d) should be interchanged. As will be shown later
in this paper, the condition that the 2II state interacts mainly only with 2Z+
or with 22~ states—in fact mainly with just one 22 state, usually a 22+ state,—
seems to be practically always fulfilled.
, Hence it is to be expected that, for sufficiently large K values, Avip (K)
will usually be given by the Hill and Van Vleck equation (20a) for the ¢ rota-
tional levels, but will d¢ffer from this for the d rotational levels approximately
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by the amount — p(K+1%). This last quantity, it will be noted, is essentially
the same as Avg, of regular case a *II;. In the case of pure precession involv-
ing the 2II and a ?Z+ state, a case which is usually closely approximated, the
quantity —p(K+3%) is exactly the same, except for sign, as the quantity
v(K +41%) which gives Av15(K) for the 22 state (cf. Egs. 18, 19).

The relations stated in the preceding paragraph, which hold when there is
pure precession between a %Il and a %2+ state, have an interesting physical
explanation.'* In terms of the vector model and old quantum theory, we have,
say, an [ vector which for small J values precesses around the electric axis
giving A =0 (22 state) or A =1(2II state). The rotation of the molecule, how-
ever, causes a partial uncoupling of /. At the same time there is an uncoupling
of S in the ?II state. The l-uncoupling produces an average component of [
along the axis of rotation, i.e. essentially along K. In the limit of complete
uncoupling, / is oriented with reference to R, now the quantum number of
nuclear rotation, in such a way that K — R = 41 for the 2Z levels if for small
J values the ?II is above the 22, K — R =0 for the T, levels of %II, and K —R
= —/ for the T4 levels of ?II if the ®II is above the 2Z. If the 2Z is above the 211,
K—R=—1 goes with ?2, K—R= -] with 2II¢. For partial uncoupling, we
may assume that ! has a component, which we may call p, parallel to K, with
values proportional to +/, 0, and F/for 2Z, 2II¢, and 2II%.

The spin doubling Avy, in 22 states can be explained, following Kemble and
Van Vleck, as caused by the interaction of the electron spin with the com-
ponent of the magnetic field of / corresponding to p'4, the linear variation of
Apgs with K43 corresponding to a proportionality of p approximately to K.
The spin doubling in 2II states is ordinarily explained by the interaction of
the spin with the component of the magnetic field of } corresponding to A.
The variation of the spin doublet width Ay, with J caused by spin uncoupling
is then given by the Hill and Van Vleck formula. But this neglects the possi-
bility of I-uncoupling. When there is appreciable l-uncoupling, the p com-
ponent of the magnetic field may become important and contribute to Api,.
If from the total Avy, we deduct the Ap;; calculated according to Hill and Van
Vleck,= the residuum should correspond to the interaction of the spin with p,
and, from the considerations of the preceding paragraph, should for the 2II¢
levels be approximately zero, but for the 2II¢ levels should be approximately
equal but opposite in sign to the doubling in the correlated 22 state. [All this
applies for the case that the %2 state is 22+, but analogous statements can be
made if it is 22~.] These conclusions are in agreement with the formal re-
sults given by Eqgs. (20c), (20d), and (18), (19).

1 Cf. F. Hund, Zeits. f. Physik 52, 606 (1929); W. W. Watson, Phys. Rev. 34, 1010 (1929)
and Ref. 19; R. S. Mulliken, Rev. Modern Physics 2, (1930), pp. 99-100, Fig. 13, and especially
Ref. 44a and Section (2) at top of p. 107; also corrections in 2, 506~7 (1930). The part of
Avyp(K) arising from the magnetic field of the p component of / is that corresponding to the
coefficient v in Egs. (33)—(36) of the two references of Mulliken just cited.

4= If the J-uncoupling is very large, so that the component of / parallel to the electric axis
becomes appreciablyless than the original A, the Hill and Van Vleck part of Ay, should of course
be somewhat less than that calculated by their formula. This, however, does not affect the
qualitative relations to be expected.
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One cannot expect to demonstrate the relations just discussed except in
cases where simultaneously (1) 4 is fairly large so as to give easily measur-
able Awyp’s; (2) the spin uncoupling is fairly complete at moderate J(4 must
not be too large); (3) the l-uncoupling is large at moderate J. This set of con-
ditions is rarely fulfilled, but a good example of it is found in the CaH
molecule (cf. Fig. 4, inset), which will be further discussed later in this paper.

A result, usually overlooked, of the preceding considerations, is that
Av5(K) does not necessarily asymptotically approach zero with increasing K
in *II states. The above argument shows that this asymptotic approach to
zero is usually to be expected in the T levels, but that in the T levels,
Ar15(K) may go to a minimum and then increase again (p negative, %Il above
22+, if 4 >0) or may go through zero and increase again with opposite sign
(p positive, 2II below 22+, if 4 >0). The latter behavior is observed in CaH
(cf. Fig. 4).

EMPIRICAL VERIFICATION OF THE THEORY, WITH APPLICATIONS
TO INTERPRETATION OF BAND STRUCTURES

It is of interest to compare the equations given above with experimental
data, and to seek to determine and interpret the coefficients p, ¢, and . As
Van Vleck has earlier shown, experimental data are in excellent agreement

TABLE 1. A-T'vpe doubling in case b’ I stales (all 1, except XL in Hes).

Mole- Probable Elec. Elec. Config. of B*, Values calc’d for s
cule Configuration I ntesl;z(t:zmg md " >} (I, 2) | »(IL,2) “pg:e precession” | 40 Obs d
H. 1s02px[C]; v=0 1502 po|B] 30.0 19.45 +9003 8130 |4+0.425 +0.7
1 29.0 9060 0.348 0.6
2 27.2 10100 0.289 0.6
BH o o0 250%2p02pm v o0 250%2p0® | 11,938 11.80 +23074 23070 |40.0246 (Eq. 7) | +0.03
+0.0492 (Eq. 7a)
AlH |« « ¢ 35623pa3pm;v=0{ + - + 35023po? 6.08 6.33 -+23471 23430 [40.0050 (Eq. 7) | +0.0057
40.0120 (Eq. 7a)
1 5.46 21960 0.00545 (Eq. 7) 0.0050
0.0109 (Eq. 7a)
He. 15022 po2pm 15622pa3po 7.34 6.85 —6107 —6150 —0.035 —0.024
Li. .o s 2502pm <+« 2503pa 0.553 0.495 -+6373 6250 +0.00017 -+40.00020
Nas |+« ¢ 3503pm « « + 3sodpo 0.1254 0.1085 | +35295 5280 +0.0000118 +-0.000013

Explanation and Notes. For each IT state given there seems to be one definite  state which stands to it in .the relation
of “pure precession,” as is indicated by the fact that this assumption gives calculated values of go in rather good agree-
ment with the observed values. The observed ¢o values given (obtained in accordance with Egs. 4 and 27), and the B*,
values given, are for » =0 unless otherwise indicated. The calculated gy values are from Eq. (7) or (7a), using B, of the IT state,
and using for »(I1, 2) not the value »o(II, Z) corresponding to the transition between the levels =0 of the IT and = states.
but a somewhat different » estimated by projecting vertically downward (or upward) from the U(r) curve of the II state
to that of the Z state (cf. text, p. 109). I'n addition to the examples given, several nearly perfect cases of pure precession exist
in the 1s6*2pand(s,m, 8) states of Hes, others in Hs. The uncoupling in these cases is so great, however, that Van Vleck’s
eEqua(ti?ns do not hold well. A number of further examples of + + + #pw, Il and 311 states in He. are also known which do obey

q. (4).

The B*p values given are related to the true By values as follows: B*,=B,+(C+C1) for UI¢ (T, terms of 1I), B*,
=By+(C+C:) for I (cf. Eq. 3), while for 1 states B*,=By—Cs, where C represents the summation given in Eq. (8).
Usually the B*, values are empirically more directly obtained for the I1¢ than for the II¢ levels, hence in the table they are
given for the former. The B*, values for II¢ can, however, be obtained simply by subtracting the observed go value from
B*, of IT%. For pure precession with /=1, and a =% state, C=0, C:=0, and C,= —C3=¢qo. Hence for the T, levels, B¥,=B,
is expected in this (usual) case.

The experimental data used were from the following sources: H,, T. Hori, Zeits. f. Physik 44, 845-6 (1927); By of the
13 state is as calculated by H. Hyman, Phys. Rev. 36, 187 (1930); BH, W. Lochte-Holtgreven and E. S. Van der Vleugel,
Nature 127, 236 (1931); R. F. Paton and G. M. Almy (private communication; cf. abstract No. 129, Washington Meeting
American Phys. Soc., 1931); AIH, E. Bengttson and E. Hulthén, Zeits. f. Physik 52, 275 (1928); E. Bengtsson and R. Ryd-
berg, Zeits. f. Physik 59, 546(1930); He., G. H. Dieke, S. Imanishi and T. Takamine, Zeits. f. Physik 57, 305 (1929); W. E.
Curtis, Proc. Roy. Soc. A 118, 157 (1928); W. E. Curtis and A. Harvey, Proc. Roy. Soc. A 125, 484 (1929); Li,, K. Wurm,
Zeits. f. Physik 58, 562; 59, 35 (1929); Nas, F. W. Loomis and R. W. Wood, Phys. Rev. 32, 223 (1928), and W. R. Fred-
rickson, Phys. Rev. 34, 207 (1929).
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with the relations predicted by the theory for 22 and *II states in the limiting
cases a and b, and for I states. Our purposes here include (1) a study of the
applicability of Van Vleck’s general equation (our Eq. 9 or 14) to ?II states
in the intermediate cases between a¢ and b, and (2) determination of the
magnitudes and signs of the coefficients p, ¢, and v for a number of molecular
states. In a following section we shall examine more carefully than has been
done before whether the values of p, ¢, and v are in agreement with what
would be expected theoretically from our knowledge of the electron levels of
the molecules in question; and conversely, we shall use the values of p, ¢,
and v as a means of getting information about electron configurations or
other properties of electron levels.

Tables I and II give the sign and magnitude of g of Eq. (4) for some I
states, of p and ¢ for several 2II states (cf. Eqs. 10, 14) and of v for a number
of 23 states (cf. Eq. 18). [Really, values of po, go, and 7, are given in the
tables. The relation of these to p, ¢, and v is explained in the next section. |
The sources of data are given in the notes to the tables. The values of p and ¢
given in Tables I and II, where they differ from those given or implied in an
earlier paper®® dealing briefly with similar subject matter, are to be taken as
superseding the latter. In preparing Tables I and II, much care has been
taken to obtain correct signs and magnitudes of p, ¢, and v, but it is not un-
likely that some errors are present.

Modification of theoretical formulas to take care of variation of mean moment
of inertia with J and with v. In the course of the work we found that, while the
forms of Van Vleck’s equations are such as to fit the experimental data nearly
always extremely well for low and moderate J values, rather large deviations
seem to occur when data for high J values are used. Now in all Van Vleck’s
equations there appears as a factor the matrix element BL, or IBL,,P, in
which B=15/8cw?I, where I(=ur?) represents the moment of inertia. Ap-
proximately, it is seen to be possible to take out B as a factor and set it equas
to B,(cf. e.g. Eq. 5a). In the case of a non-vibrating molecule, we have
B=B,=h/8m?ur2=h/8w?l, in the limit of zero angular velocity of rotation.
But if the molecule rotates, it stretches slightly, or if the rotation is very fast,
it stretches considerably, i.e., # becomes greater than 7,. From the way in
which Van Vleck’s BL, and B are defined, it is clear that allowance should
be made, in applying his equations, for the effect of such stretching on B and
BL,.

For a non-vibrating diatomic molecule with A=0 and S=0 the kinetic
energy of rotation is given® by

Py/2ur® = [P/ 2pr 2](r./r)* = heB.K(K + 1)[1/(1 +§)?], (21)

where Py is the angular momentum, equal to K(K+1)k/27 according to
quantum theory, while £=(r—v.)/#,, a quantity which is a measure of the
stretching by rotation.

1 R. S. Mulliken, Phys. Rev. 33, 507 (1929).
16 Cf. e.g. R. S. Mulliken, Ref. 14, p. 65.
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If £ is not too large, we may assume that the stretching takes place a-
gainst a force whose potential energy is given by

U(r) = a*£2/2, with a* = 47%% 2ur 2 = hcw,?/2B,, (22a)
cw, being the frequency of infinitesimal classical vibrations about 7 =#.. In
this case, it is easily found ' that £ is given by

£ = wK (K + 1), where (22b)
u = 48202 = — D./B., (22¢)

D, being a coefficient determinable from an analysis of the rotational energy
levels. Ordinarily #2«<1. Eqgs. (22a), (22b) show how 7 increases with K.
Assuming Eq. (22a), one can write, according to Egs. (21), (22b),

Bx = h/8w%ur* = B,/(1 + £)?

= B,/[1 +uK(K +1)] ~B,[1 — 2u22K(K + 1) + - - - ]. (23)

On adding to the kinetic energy of rotation as given by Egs. (21) and (23),
the potential energy U(r) given by Eq. (22a), and dividing by #¢, one gets
the ordinary rotational spectroscopic term F(K). The result can be reduced?!®
to:

P(K) = BE(K + 1) + DKHK + 1) + - -

For a vibrating molecule, one gets essentially the same results, in partic-
ular

B, x = h/8n2cur,? (24a)
~ B,/[1 + wK(K + 1)] (24b)
~ B,[1 = 20K(K + 1) + - - -] (24c)

F(K) = B,K(K + 1)+ D,K*K + 1) 4 - - - . (25)

Eq. (24a) defines a kind of mean 7 for any vibrational state!®. Since in prac-
tise B, usually decreases with increasing v, this mean 7 increases with v.

For molecules with A >0 or .S>0 the rotational term F(K) becomes more
complicated than the form given by Eq. (25), but the variation of B, with the
rotational quantum number is always given with sufficient accuracy by Eq.
(24b) or (24c). Often J rather than K, or something slightly different from
both, is needed in Eqs. (24), but this makes very little difference in the re-
sult.

Proper allowance can now evidently be made, in Van Vleck’s equations,
for rotational stretching by using B,,x instead of B,. Since B,k varies with K,
the coefficients p, ¢, and v in Van Vleck’s equations should likewise vary with
K. The coefficients p and v, which according to the theory involve BL,,
should vary with K in the same way that B,,x does, while ¢, which according
to the theory involves ‘BL,, P, should vary in the same way that(B,,x)*does. In
other words, we expect, for any given value of v,

16a Cf, R. T. Birge, Nat. Research Council Report on Molecular Spectra, p. 112, Eq. (48).
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p = po/[1 +uK(K + 1) ]~ po[1 — 222K(K + 1) + - - - ], (26a)
vo/[1 + wK(K 4+ 1)] ~ o[l — 202K(K + 1) +---],  (26b)
9/[1 + wKEK + 1D)]*~qll —4u?K(K + 1) +---]. (27a)

Y
q

Il

Likewise for varying v and fixed K we may reasonably expect

po and v, proportional to B,, (26¢)
qo proportional to B,? (27b)

Since #<1, it is of course only when K or J is large that p, g, and v differ
appreciably from pq, qo, and 7. The coefficients po, go, and v, given in Tables I
and II have been mainly determined from data for low and moderate J values,
where the effect of the stretching of the molecule on p, q, and 7y is still negligible.
Egs. (26) and (27) have been used mainly only to explain the variation of
these coefficients with J which is observed at high J values. In some cases,
however, the values of the coefficients have been adjusted slightly in order to
give better agreement at high J values.

In applying Egs. (26) and (27), either of the two forms (4B./w.? or
—D,/B.) of the quantity #?(cf. Eq. 22c) may be used. The choice depends
on the relative accuracy, or on the existence, of available data for D, and
we. In the following work, sometimes the one, sometimes the other choice has
been found best.

A particularly good example of the effect of the variation of ¢ with K is
seen in the case of BeH (Fig. 2). Here we have a case b *II state to which Eq.
(4) applies. According to Eq. (4) , if ¢ is a constant, Av4.(K) should be pro-
portional to K(K+1). Actually, Ava, goes to a maximum as K increases to
large values, then shows a tendency to decrease. But this behavior can prob-
ably be completely accounted for (cf. Fig. 2, caption) by the variation of ¢
with K which is predicted by the foregoing considerations. In other molecules,
similar behavior of Ay, can always be partly accounted for in the same way,
although usually some deviations from the simple Van Vleck formulas still
remain to be accounted for in other ways. These will be discussed later.

The proportionality of p, v, and ¢ to B, or B,? which is predicted by Egs.
(26¢) and (27b) is found to be at least qualitatively fulfilled in all cases (cf.
Tables I and II) except those of certain states where there are strong per-
turbations (upper 22 states of CdH, HgH in Fig. 3) and where one would not
expect the equations to hold.

Determination of coefficients po, qo, and v,. It will be well at this point to
explain how one obtains the doublet separations Avs. and Av;s used as a basis
for the determination of $¢, o, and v, of Tables I and II. For the way in
which the Aypy’s are determined (and the uncertainties involved in some
cases), the reader may be referred to some earlier papers.!” The problem of
determining the Avg.’s resolves itself into two parts, namely determination
of the signs and of the magnitudes of these quantities.

17 Cf. R. S. Mulliken, Phys. Rev. 30, 138, 1927 (22, 2 bands); Phys. Rev. 30, 785, 1927
and 32, 388, 1928 (2I1,2Z and 2%, ?II bands), also the figures in Ref. 4.
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The sign of Ay, for the rotational levels of any II state can always be
determined if combinations of the II state with a 2 state are known, and if it
is known whether the 2 state is a 2+ or a Z~ state. Since the + or — char-
acter of every rotational level is then known for the X state (cf. Ref. 4, Fig.
17), and since the selection rule +«—— is obeyed (cf. Ref. 4, p. 96) in all
band lines (with very rare exceptions resulting from the influence of electric
fields), one can determine the 4+ or — character of each rotational level of the
IT state. This makes it possible to assign the theoretically defined labels ¢ and
d to each level, and so, the positions of the levels having been determined
from analysis of the band structure, to determine the sign of Av4.. Reference
to Figs. 17, 25, 28 of Ref. 4 will help to make the method clear.

The above method obviously depends on knowing whether the 2 state
used in the process is a 2+ or 2~ state. This cannot be determined empirically,
but can nearly always be decided with practical certainty on theoretical
grounds. Nearly always in dealing with 'Z and 22 states, one encounters Z+
states. 2~ states cannot occur except in the case of molecules having two (or
an even number of) 7 electrons which are not in closed shells (or in similar
cases, never yet found, involving 6, ¢ electrons). Thus a knowledge of its
electron configuration is usually sufficient to determine whether a 2 state
is 2~

In the case of every state listed in Tables I and II, with one exception
(SiH, see below), II, 2 bands have been analyzed and the electron configura-
tion of the X state is known with practical certainty, at least to the extent
that is necessary to establish whether it is 2+ or Z—. In only one case, that of
CH, is a 2~ state involved; here the %Il combines with a 22~ and also with a
22+ state!® both of which are derived from the same electron configuration

. 2pa2pm?; supplementary considerations in regard to dissociation products
here make it probable that the lower of the two 22 states is 22~ and the upper
22+, and thus make it possible to fix the sign of Ay, in the *II state. The %II
state of SiH is known only from 2A, 2II bands.? Such bands are always in-
capable of fixing the sign of Av4.. The probable close analogy of SiH to CH
makes it probable, however, even with due regard for the possibilities in-
volved in Eqgs. (5) that p and ¢ have the same sign in the 2II of SIH as in that
of CH; this thenserves to fix the sign of Avg,.

In determmmg the magnitude of Avg,, the procedure is usually simplest
in the case of 2A %I and 2II,%A bands. Here the doublet separations are usually
negligible in the 2A states (this can always be checked, if doubtful, by a study
of combination relations), and one gets Ay, directly:

Arvige = Ricia(J) — RigielJ) = Qia(J) — Qi) = Piia(J) — Piase(J),

where 2 =1 or 2,—cf. Fig. 26 of Ref. 4.
In determining Ava. from II, 2 or 2, II bands (cf. Figs. 17, 25, 28 of Ref. 4,
also Ref. 17), one gets for instance

[RU) = QD)) = [QU + 1) = PU + 1)] = &va(J) + Ava(J + 1) (28)
18 Cf. T. Hori, Zeits. f. Physik 59, 918, 1929.
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in the case of a UI,'2+ or 013,22+ or 213,22+ transition. One may write
Avac(J) + Ava(J 4+ 1) ~ 24v,.(J + 1), (29)

i.e. one gets in this way not the real doublet separation Ar;.(J) for actual
values of J, but instead the separations Avg.(J-+1) for a set of fictitious J
values half way between the members of the set of real J's. These quantities
are, however, just as useful in determining p and ¢ as the Av,,(J)’s would be.

211 states intermediate between cases a and b. Before discussing the inter-
pretation of the values of p,, go, and 7, given in Tables I and II, we shall con-
sider in some detail the applicability of Eq. (14) to several examples of %II
states intermediate between cases ¢ and b, and the way in which the coeffi-
cients po and ¢, were determined from experimental data. The examples
chosen are the 21 states of CIH*, OH, CH, CaH, SiH, ZnH, and HgH. 4 and
B,, hence Y of Eq. (14), are already known for these states from previous
work. The empirical data on Av,.(J) are obtained from 1, 22 or 22, Il bands
except in the case of SiH, where the 2A, 2II bands are used.

Given a set of Ay, data for each of the two sets of levels T3 and T or of
the two substates ?II, and %I, of a %I state, one can often determine po and go
independently for each set or substate. The values so determined should ac-
cording to the theory be the same, at least very nearly, for the two sets. One
can also use the data on both substates simultaneously so as to determine a
poand ¢o which apply to both.

Using the latter method, it will be seen that Eq. (14) predicts the follow-
ing relation:

AvzaelJ) = bviael) = (p+ 2900 +3) + -+ - . (30)

Here Avyq. refers to the T3 levels, Avyq, to the T levels. On examining the
data for the examples mentioned above, it was found that Aveg.—Avig. is
accurately proportional to (J+3) up to moderate J values, but that consider-
able deviations from this proportionality set in for high J values. Thus for
small and moderate J values the quantity po+2¢o could be accurately
determined from the data. The behavior of Aveg, —Awi4. at high J values was
always at least partly accounted for by means of Egs. (26) and (27).

Next, by taking Avsq.(J)+Av14.(J), a more complicated expression than
Eq. (30) is obtained, which depends largely on ¢ and to a lesser extent (ex-
cept for small J) on (p+2¢). By correcting for the terms involving (p+2¢),
a set of empirical quantities proportional to ¢(J—%)(J+3%) (J43/2) is ob-
tained. These give ¢, and the value of p then follows.

Values of p, and ¢ determined as just outlined are given in Tables I and
I1, while in Figs. 1 and 2 are shown theoretical curves for Av4.(J) correspond-
ing to Eqgs. (14), (26), (27) for several of the molecular states whose p, and
go values are given in Table II. The empirical values of Avg.(J) or Avg,
(J+1%) are shown by small circles. It will be seen that the agreement is ex-
cellent, except in some cases for high J values. The disagreements at high J
values would be worse if the variation of p and ¢ with J had not been taken
into account (cf., e.g., Fig.2). Possible explanations of the remaining dis-
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Fig. 1. Comparison of experimental data, indicated by circles, with theoretical curves
drawn according to Eq. (14) for Ava.(J) for 2II states of several hydride molecules having a
variety of values of the parameter ¥'=4/B. The scale used is the same for all the molecules ex-
cept HgH. Two further examples are shown in Fig. 2. The coefficients pq, go used in drawing the
theoretical curves were chosen so as to fit the experimental data as well as possible. They are the
“observed” values given in Table II. The slight variation in p and g for high J values (cf. Egs.
26, 27) has been taken into account in drawing the theoretical curves for HgH, ZnH, and OH;
the quantity #?=4B2/w ¢ in Egs. (26), (27) has been calculated using experimental w values,
or in the case of ZnH a value estimated from the empirical relation w./B.~constant, using for
the constant the value which is found in CuH.
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crepancies will be taken up later. Empirical values of 7y are given in Table 11,
while Fig. 3 gives observational data for Ay;,3(K) for several examples of 22
states.

Applications of theory to interpretation of band structure (SiH, CaH). The
quantitative agreement of the data for SiH with Eq. (14) confirms the con-
clusions, reached in a previous paper? on the basis of a qualitative use of the
same theory, as to the interpretation of the 2A*II bands of SiH. Eq. (14) has
also been used here to clear up an uncertainty as to the numbering of the
lines of the Q, branch in the %I, 22 bands of CaH. The numbering of the Q;
lines in these bands was recently revised by Watson and Bender!® on the
basis of combination relations involving a previously undiscovered °Pi,
branch. This made it possible for them to determine also the quantities

rrr— 1 1ot ° 1t 1 v [ b7 1T |

-1 o} +2 +4 +6 +8 +0 +j2
—o Ay, [BeHl— V2]

L35 ° Avye [CaH)—

I T T A T

°.
ol®

P RN

Fig. 2. Comparison of experimental data with theoretical curves for Avg, for 21I states of
BeH and CaH. Eqs. (14), (26), and (27) were used for CaH; the # value needed in Eqs. (26),
(27) was calculated using w=1300, estimated (by means of the relation w./B .~ constant) from
the observed w, value®® of the normal 2T state. Eq. (4) and the exact form of Eq. (27) were used
for BeH, which is case b and acts practically like a 'TI state. The importance of using Eq. (27)
for g instead of assuming a constant ¢ in Eq. (4) is shown here. The dashed curve represents Eq.
(4) drawn for g=go, while the full curve assumes a varying ¢ in accordance with Eq. (27). The
remaining discrepancy between the full curve and the experimental points can be attributed to
the failure of the simple relation U(r) =a*£?/2 (cf. Eq. 22a) and consequently of Eq. (22b) at
high K values. As is indicated by the course of the T values % themselves at the highest observed
K values, the molecule stretches considerably more rapidly than in Egs. (22a), (22b). Hence
(cf. Eq. 23) B,k and so ¢ should, as observed, diminish more rapidly at the highest K values
than Eq. (27) demands. In obtaining # in Eq. (27), the relation #*= —D./B, has been used for
BeH, with experimental values® of D, and B,. (In other cases shown in Figs. 1-3, the same ef-
fects as in BeH exist at high J values, but are not nearly so large.)

-20
I

Avig.(J+3) corresponding to the *II3 sub-state. From these data we deter-
mined po and go of Eq. (14), and then used them to calculate the quantities
Avyg, applicable to the 2113 state. Knowing these and the frequencies of the

19 W, W. Watson and W. Bender, Phys. Rev. 35, 1513 (1930).
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Fig. 3. Spin doublet separations Aviy(K) in 22 states (cf. Egs. 2, 18). The circles represent
experimental values. The %eavy curves (only for CdH, lower 22, v=0 and for HgH, lower %2,
=0 and 2) are theoretical curves corresponding to Eq. (18), (26). The coefficient v, of these
theoretical equations has been chosen in each case to give a best fit to the experimental data,
while the quantity #*=4B #/w.* needed in the second equation has been calculated using the
experimental B, values (Table IT) and w values (wy=1374 for CdH, wo=1308 for HgH). The
considerable deviations of the experimental points from the calculated curves for high K values
in HgH are tentatively attributed to changes in the electronic wave functions, hence in v,, with
increasing K.
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band-lines P:(J) and Ry(J), it was possible to predict the positions of the
band-lines Q:(J) with sufficient accuracy to determine the correct numbering
of these lines.?? From the P,, (s, and R, branches, accurate values of Avya.
were now obtained, and from the data on Av;4. and Awsg, improved po and go
values were determined in the usual way.

As a check on the numbering of the Q, lines, the positions of the hitherto
unassigned lines of the weak branch “Rs; have been calculated on the basis of
Egs. (31) and (32).2

SRo1(J) = Ro(J) — Aveg.(J + 1) + T'(J) — T () (31)
=QU+1)+T7VJ—-1)—-T"0 - 1). (32)

The SRy lines were calculated from Eq. (32), except for J=1%, 1%, 21,
where Eq. (31) had to be used owing to the absence of data on Qy(J). In
Eq. (31), calculated values of the small quantities Avq.(J+1) were used. For
Ry and Q. in Eqgs. (31) and (32), empirical » data were used directly, while the
other quantities in these equations were obtained by suitable additions and
subtractions of measured »’s.

Measurements on a second-order grating plate of the CaH bands (taken
by Dr. P. S. Delaup in this laboratory in connection with his work on the
Zeeman effect of these bands) disclosed a set of lines having appropriate
intensity relations?? and agreeing excellently in position with the values cal-
culated for the Ry, branch (cf. Table IIT).

TaBLE I11. SRy Lines in (0,0) Band of *11,2Z+ System of CaH.

J Calc’d » Obs'd » Int. J Calc’d » Obs'd » Int.

1| 14,479.08 | 14,479.32 | 5 6% | 14,573.43 | 14,573.46 | 2 (dif)
11 493.33 493.42 | 2 7% 590.57 | Masked by Q; (39%)
2% 508.29 Masked by R;(9%) 8% 608.59 608.55 1—
3% 523.75 523.87 | 1 9% 626.81 626.62 1—
41 530.80 | Masked by R (123)] 103 645.02 644.80 | 1—
54 556.53 Mals}{ed by atomic

ine

INTERPRETATION OF RESULTS IN REI:ATION TO
ELeEcTRON CONFIGURATIONS

The values of po, go and %, given in Tables I and II have a significant
bearing on the question of the forms of the electron orbits or of the wave
functions for the molecules concerned. That the values of po, ¢o, and v, de-
pend on these can be seen from Van Vleck’s theoretical equations for them
(cf. Egs. 4, 5, 5a; 10, 10a, 10b; 17). In the simple case that a Z and a II state
are to each other in the relation of “pure precession” (cf. discussion in two
paragraphs preceding Egs. 6 and 7), simple theoretical expressions can be
given for po, go, and v, (cf. Egs. 6, 7, 7a, 12, 19).

20 Ag a result of the revised numbering of the Q, branches, the positions of the Qz (and @P,;)
lines shown in Fig. 30a of Ref. 4 should be revised, and in such a way (cf. Fig. 4 of the present
paper) that the Q, and Q. branches do not cross.

21 The correctness of these equations can be seen from Fig. 28 of Ref. 4.

2 Cf, Ref. 4, pp. 140-141; also cf. data on the SRy branch in the 2=+, %I bands of OH
(R. S. Mulliken, Phys. Rev. 32, 410, 1928).
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Van Vleck pointed out in his paper! that the observed values of p, gand vy
commonly are of an order of magnitude corresponding well to the case of
pure precession. We now find that something like pure precession seems to be
almost quantitatively fulfilled in most of the molecular states studied here.
This rather surprising result appears to carry with it the important conclu-
sion that in these molecules the electrons commonly have well-defined quan-
tum numbers # and / having the same significance as in atoms. In some cases,
in particular the hydrides, these quantum numbers # and ! are those cor-
responding to the atom which would be obtained if the two nuclei could be
united. In other cases, the #» and ! which are significant are found to be those
which would exist if the two atoms were completely separated. The various
relations which exist in different cases can best be brought out by a discus-
sion of examples.

Calculation of po, qo, Yo for pure precession. First, however, something
needs to be said in regard to the method of obtaining the calculated values of
Po, qo, and yo in Tables I and II. The first step, in the case of a II state, is to
see whether there is a neighboring Z state such that, using Egs. (7), (7a), (12)
with vo(II, 2), po and ¢o come out roughly in agreement with the observed
values. [By »o(I,Z) is mean the difference in E/hc between the level v =0 of
the II state and that of the 2 state.] In nearly all cases it turns out that just
one such state is known, and that the agreement is good. The calculated
values of po and g, are then revised by replacing »o(Il, £) by a quantity
v(II, Z) obtained by projecting vertically downward (or upward, if the =
level is above the II) from the level v =0 of the II state (or from the level v =9,
if one wishes to calculate po and g, for v >0) to the U(7) curve of the 2 state.
[In projecting “from the level v=9,” one may take a suitably weighted
average of the two values of »(II, 2) obtained by projecting from the two
points of intersection of the level v=v with the U(r) curve of the II state.]
If B, is the same for the II and 2 states, as it should be in the ideal case of
pure precession, then »(II, Z) for v =0 is practically the same as »o(II, Z).
In some cases, however, e.g. that of the 1sa2pm, I state of H,, the two quanti-
ties are far from being equal. In the case of a 2II state with a large case a
doublet separation, a separate value of »(II, ) must be used for 2II;; and
11;s.

In calculating v for a %2 state, the procedure is similar. The quantity
v(II, Z) is obtained by projecting upwards (or downwards) from the level
v=0 (or v =v) of the ?Z state to the U(r) curve (or curves) of the 2II state.—It
should be noted that » in all the equations used in this paper is to be taken
as positive or negative according as the II state is above or below the cor-
responding 2 state.

Hydrides with one outer p electron. The states listed in Tables I and II for
H,, BeH, MgH, ZnH, CdH, and HgH include a Z and a II state whose pre-
viously assigned electron configurations? might lead one to expect the case of
pure precession. In each case, the most loosely bound electron is supposed to
be in an np orbit, which when A=0 (np0o) gives the = state, when A =1 (npr)

% Cf. R. S. Mulliken, Phys. Rev. 33, 738 (1929); also F. Hund, Ref. 25 and elsewhere.
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gives the II state. In each case the values of po and g, calculated for the II
state, and of vy, calculated for the *2 state, agree remarkably well with the
observed values. In nearly every case the calculated values are somewhat
larger than the observed values, as would ordinarily be expected, since the
ideal case of pure precession corresponds to the largest possible mutual in-
fluence of a 2 and a II state. In CaH also we have a 22 and a ?II state which
show the same relations, together with other interesting features; discussion
of this molecule will be postponed to a later section.

Observed values larger than calculated values may probably be attributed
largely to the fact that Egs. (7), (12), and (19) are really somewhat too
simplified to give accurate results when » is small and when at the same
time there is a possibility of having very small values of » (I, 2) for individual
vibrational levels. In calculating, for instance, A-type doubling coefficients
for a II state, one should use a summation over all v values of the 2 state,?
as in Eq. (5) except that here we assume that only one Z state need be con-
sidered. Of course if all the vibrational levels of the 2 state are above the given
v level of the Il state, Eqgs. (7) and (12) should always hold well when we have
pure precession. But if the zero level of the 2 state is below that of the II
state, then some of the terms in the summation may have very small »(I, 2)’s
which may have an important effect on p, and ¢y, even if BL, is small.
Usually these terms should tend to increase |po| and |go|, since those »'s
which have the same sign as the single weighted mean » of Egs. (7) and (12)
should on the whole have larger BL,’s than those with opposite sign.

Associated with such cases as those under discussion there should be ir-
regularities in the mode of dependence of Av4. (and of T'; and T’y themselves)
on v and on J (perturbations). A good example of a state showing irregular
Avg.’s (larger than those calculated by Eq. 7) is the 1so2pm, I state of Ho.
Similarly, except that here the case of pure precession is not at all approxi-
mated, the large and irregular Av;y’s and the perturbed terms in the upper
23 states of CdH and of HgH may be ascribed to their very close proximity to
the higher vibrational levels of the %II state.

The agreements of observed and calculated values of po, ¢o, and %, in
Tables I and II even as to order of magnitude are very significant, since with-
out a strong tendency toward the case of pure precession, even such agree-
ments would not be expected. The actual observed agreements are so good
as to leave little doubt that the case of pure precession is very often pretty
closely approximated. This gives strong support to the views of Hund and
of Mulliken, who have maintained that the “electron configurations” (or
“electron orbits,” or “wave-functions”) in these molecules are really closely
similar to those of the “united-atom” which would be obtained if the two
nuclei were united, and radically different, in respect to one at least of the
outer electrons, from the wave-functions which would exist if the molecule
acted merely like two somewhat modified atoms. (The view that a molecule
can nearly always be regarded as consisting merely of somewhat modified
atoms seems to be widespread among those who have used the separated
atoms as a starting point for the calculation of molecular properties).
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An example will make the point clearer. We know beyond reasonable
doubt? that the normal 22 state and the 2II state of HgH are related to the
states of their separated atoms as follows:

Hg, - - - 652, 15 + H, 15, 25 — HgH, 2=+(+ 0.37 volts)
Hg, - - - 6s6p, 2P + H, 15, 25 — HgH, 2[1(+ 1.8 volts).

If in the molecule the H electron were still essentially a 1s electron, we could

write
HgH, 2=+: - - - (6s0?)ols; HgH, 2I: (6s06pm)ols.

The electron configurations of the 2 and the II state would here be essentially
the same except for the replacement of a 6sc Hg electron present in the Z
state by a 6pm Hg electron in the II state. But a 6so and a 6pm orbit, differing
in J, are not related in such a way as to give pure precession, and the experi-
mental evidence from the po, ¢o, and 7o values in favor of pure precession
could not be understood.

If, however, we suppose that the 1s orbit of the H electron has been com-
pletely changed when the molecule is formed, becoming a 6p¢ electron in the
case of the %2 state, and a 6so electron in the case of the 2II state, we have

HgH, 22+: 65026 pc; HgH, *: 65026 .

Now if the symbols 6sa, 6po, 6pr really have quite definitely the meaning
which they would have for the united-atom (TI) under the influence of the
electric field of a proton, we should expect the case of pure precession to be
fulfilled, otherwise not. Comparison of the observed and calculated values of
Po; go, and 7y for HgH shows that pure precession is actually nearly fulfilled.
In some of the other molecules of the same type, the agreement is even better
than in HgH. It seems remarkable that in a molecular state like the X normal
state of HgH, whose energy of formation from its atoms is only 0.37 volt, the
transformation of the wave-function from that of Hg-+H toward that of the
united-atom has been so complete as to give the observed close approxima-
tion to pure precession. It is also worthy of note that this thoroughgoing
transformation takes place regardless of the fact that, according to conven-
tional valence theory, no valence bond exists in this 22 state of HgH.

Several interesting minor points, some of them giving considerable added
support to the preceding conclusions, remain to be discussed.

Let us begin with the data on H,. Here one notes an unusually large dif-
ference in the B, values of the 'Z, and 'II, states which here give the pure
precession. The U(7) curve of the 2 state lies rather close below that of the
T state for small » values, and the two curves should come together at »=0.
For large values of 7 the curves go far apart, but as r—o, they finally come
together again. An approximate diagram of these curves, and a partial ex-

% Cf. R. S. Mulliken, Phys. Rev. 36, 1449 (1930) for HgH curves, and E. Svensson, Zeits.-
f. Physik 59, 349 (1930) for CdH. The curves given must, however, not be taken as more than
roughly correct.
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planation of their behavior, will be found in an article by Hund.® Probably
the 2 state departs markedly from united-atom conditions as 7 becomes
fairly large, corresponding to a tendency of the 2pg electron in H, to become
a 1s electron (of Ht+H™), although actually it finally goes over as r—o into
a 2-quantum electron of an H atom. For large 7 values, therefore, one cannot.
expect to find pure precession approximated, but if we calculate ¢, for the II
state, for small values of v, we have » small enough so that conditions are near
those of the united-atom. The fact that the observed g¢¢’s are actually larger
than those calculated for pure precession, and theirregularities in the Av,,’s as
functions of v and K, have already been explained earlier in this section.

In BeH, v, of the 22 state is too small to measure, as would be expected,
even for pure precession, from the calculated v,. In the 2II state (a good ex-
ample of case b, with p, negligible), the observed ¢, is about two thirds the
calculated, indicating that the case of pure precession is fairly well fulfilled.
The mere fact that the observed ¢, is positive shows (cf. Egs. 4, 5, 5a) that
the ?II interacts principally with the 22 state below it if, as is almost certain,
this is 2Z+. (There is in all probability only one %2 state below the 2II).
Similar remarks apply to MgH, ZnH, CdH, HgH. Of course 2=~ states above
the I would tend to make ¢, positive, but they are not often likely to be
important.

The peculiarities in behavior of the rotational levels of the 2II state of BeH
for large values of K, which Watson? attributed to a more or less complete
uncoupling of an [ vector, are here found to be explained by the variation of
the moment of inertia with K. Thus the fact that the A-type doublet widths
no longer increase in proportion to K(K 1) for large K values can be ex-
plained in this way (cf. caption of Fig. 2). Likewise the fact that the rota-
tional energy itself increases much less rapidly for large K values? than it
would if given by B,K(K+1) alone is completely explained by the ordinary
rotational stretching of the molecule, which is taken care of by added terms?’
beginning with D,K2(K+1)%as in Eq. (25). Thus there is no evidence in BeH
of any large, much less of complete, rotational uncoupling of an /, even at the
highest K values where the molecule is apparently approaching dissociation
because of rotational instability. In making the calculations with Egs. (22¢)
and (27), we have used #?2=1.005x10"%, calculated from the experimental B
and D values?” B,=10.30, Dy= —1.038x1073.

According to Watson and Parker,?” Av,.(K) is negative in BeH for the
lowest K values, for both 7'y and T3 levels, then becomes positive and remains
so (cf. experimental points in Fig. 2). According to Eq. (14), however, and
in view of the small value of 4 /B which exists here, there is no possibility,
for either T or T% levels, that Avg, can change sign at small K values (cf.

% Cf, F. Hund, Zeits. f. Physik 63, 719-751 (1930), especially pp. 741-2 and Fig. 5. Hund
does not refer specificially to a tendency toward H++H~, although this is apparently involved
in the tendency, which accounts for the low energy of this 1= state at large 7, of the 240 electron
to become atomic 1s.

26 W. W. Watson, Phys. Rev. 34, 1010 (1929); also Ref. 27, p. 173-4.

27 W. W. Watson and A. E. Parker, Phys. Rev. 37, 167 (1931).
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theoretical curve in Fig. 2). It seems necessary to attribute the small ob-
served negative values to experimental error.

Judging from the observed value of p, for the lower 2II state of MgH, the
case of pure precession is well fulfilled there. The observed value of g is, how-
ever, low, but the observed values of Av4, are so small that the experimental
po and especially go are not at all accurate. The upper %I state of MgH, which
is case b, has a relatively large positive value of ¢o, suggesting that this 2II
state stands approximately in the relation of pure precession to a 22+ state
(... 3s0%4po) lying perhaps some 4000 cm~! below it. Data on such a state
seem not to be recorded in the literature.

For ZnH, CdH, and HgH, the data are accurate and extensive. As al-
ready noted, a relation of pure precession between the normal 22 state and
the %11 state is well fulfilled. The valueés of p, are accurately known experi-
mentally, while those of gy are too small, relative to p,, to be determined ex-
perimentally, except roughly in the case of ZnH. For v =0, the values of p
of ?2II and of v, of 2Z are nearly as large as those calculated for pure precession.
The agreement with the calculated values is poorest in HgH, presumably be-
cause of the very small energy of dissociation of the 22 state. The quantities
po and vy are nearly equal, especially in ZnH and CdH, as they should be for
pure precession.

In CdH and HgH we have data on p, and v, for several values of v. Ac-
cording to Eqgs. (26¢) and (27b), po and -y, should be proportional to B,, but
actually they decrease faster with » than B, does (cf. observed and calculated
values in Table II). This suggests that the case of pure precession is less and
less well fulfilled as v increases. A natural explanation is that, as v increases,
the electronic wave-functions become, on the average, more and more like
those of two atoms, thus departing more and more (cf. discussion of HgH
several paragraphs back) from the united-atom-like forms corresponding to
pure precession.

Further evidence in regard to the effect of increased separation of the
nuclei in causing departure from pure precession might be sought in a study
of the Avg,'s for large values of J, where the molecule is considerably stretched
by rotation. Here we use Eqs. (26), (27). In BeH we found that Eq. (27), with
a varying ¢ but constant g holds fairly well up to rather large K values (Fig.
2). When plots for p and vy as functions of J and K are made for ZnH, CdH,
and HgH, however, it turns out that for large J values not only $ and v but
poand v, as well, diminish somewhat with increasing J (cf. Figs. 1, 3). Quali-
tatively, this can be accounted for by an increasing departure from pure pre-
cession as the molecule stretches and becomes more like two atoms.

We have so far not mentioned here the 2 states which lie a short distance
above the ?II states of ZnH, CdH, and HgH. These show large and often
irregular Avys's, corresponding mainly to large positive vy, values which, how-
ever, vary with K and ». An inspection of the U(7) curves of these 22 states®
snows that they cross those of the %II states of Table II. The crossing takes
place in a region of low vibrational quantum numbers of the 22 state and
moderately high vibrational quantum numbers of the 2II states. The doubling
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in the 22 states can probably be attributed mainly to interaction with these
21 levels.

The large size of the v¢'s is well explained by the smallness of the » values
without assuming that the BL,’s are at all comparable with those correspond-
ing to pure precession. The irregularities of the Avyy’s, together with observed
irregularities of the term values 73 and T, themselves, evidently result from
the occurrence of unusually large interaction terms resulting from unusually
small »(II, 2) values for particular v, K values. In other words, we may speak
of perturbations. The case is apparently rather similar to that in the red CN
bands.?® It deserves further study, although this is beyond the scope of the
present paper.

Hydrides with two or more outer p elecirons. In BH and AIH (Table I) there
seems to be a fairly good approach to pure precession for the normal (1Z+)
state and the !I state. In this case, unlike that of HgH, pure precession is
equally to be expected for nearly-united-atom ( - - - 3pg?,'Zand - - - 3po3pm,1I)
and for separated atoms (Al, - - - 3pe, from 2P, plus H, 1s, and Al, - - - 3pm,
from 2P, plus H, 1s). In the nearly-united case, however, Eq. (7a) with [=1
applies (or if an L exists, Eq. 7 with L =2), while Eq. (7) with =1 should
apply in the separated case. The calculated ¢q values are larger for the united-
atom cases. The observed ¢ values agree better with the separated-atoms
case.

In OH there seems again to be a good example of pure precession. Par-
ticularly striking are the close agreement of p, with v, and of the ratio po/qo
with 4/B,, just as expected for pure precession. Nevertheless, the observed
values of po, go and 7, are decidedly less than the calculated ones. This case
is interesting for the fact that 4 and » are both negative, giving a positive pg
and v, but a negative go,—observed as well as predicted. The existence of a
relation of pure precession between the 22 and 2II of OH is perhaps assisted
by the fact that there can be no other low-energy states; the next lowest
states involve the displacement of a 2so electron to a 2pg or 2pm orbit (which
should require a large energy change), or of an electron to a 3-quantum orbit.

In HCI*, whose electron configuration is analogous to that of OH, analo-
gous relations exist for po, o, and v,, although the departures of the observed
values from those calculated for pure precession are greater.

In CH we have a low *II state (probably the normal state, unless perhaps
a ‘2~ islower), which from its electron configuration (cf. Table II) should ap-
parently stand in the relation of pure precession to three other states, a 22—,
a?A, and a 22+, all known empirically. The ?A state presumably cannot affect
po and ¢o, but one might expect the latter to be determined by both the 22~
and the 22+ states. The 22+, since »(II, ) is negative, would according to
Eq. (12) tend to make py and g, negative, but the 22—, because it is 2~ but at
the same time has a negativer, would tend to make p,and ¢, positive. One might
expect to calculate p, and ¢, each as the sum of two contributions, a positive
term from the 22—, largely cancelled by a negative one from the 2Z+. The ob-
served values, however, do not agree with the values so calculated. Even

28 Cf. J. E. Rosenthal and F. A. Jenkins, Proc. Nat. Acad. Sci. 15, 381 (1929).
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greater discrepancies are encountered when one compares observed values of
v, for the 22~ and 22+ states with those calculated from Eq. (19). [For the
?3-state,y= —p=-+24B, - - - |. But these results should not cause surprise,
since as we have already seen (cf. discussion before and after Eq. 7a), the
usual equations are not applicable to electron configurations like those present
here in CH.

The relations in the 2II state of SiH are probably analogous to those in
CH, but the 22 levels are not yet known experimentally.

Molecules with a p electron belonging to one atom. In the case b’ Il states of
He,(®IT), Li; and Nay('IT), we find the relation of pure precession well fulfilled
toward certain neighboring states. The existence of this relation would not be
expected from the electron configurations given in Table I. Although in each
case the 2 differs from the Il state only in having a po electron instead of a pw
electron, the principal quantum number # is not the same for the two, but
is in each case one unit higher for the pg. There can be hardly any doubt that
this is true. In He,, for example, we have already one 2pg electron (a 2pols,
i.e. a promoted 1s, electron); for the 32 state here in question the other po
electron must according to the Pauli principle have a different value of #.

Apparently, however, this difference in # does not interfere seriously with
the existence of “pure precession.” But this is after all not difficult to under-
stand. In the case of He,, for example, the energy of the - - - 3pg 32 state is
only a little above that of the - - - 2p7 31l state, and we believe that for r—
the electron in question becomes in both cases a 2p electron of one of the
atoms, i.e., we have 3po2p and 2pw2p. The small energy difference (much
less than that between a 2- and a 3-quantum atomic orbit) indicates that the
part of the wave-function corresponding to the 3po is really not much differ-
ent from that which 2pc would give in a helium atom. In other words, the
electron orbits in the He; molecule are not very much different from those in
the two atoms (He, 1s?+He, 152p, 3P) before union. Hence we get a strong
interaction between the two states having - - - 3po2p and - - - 2pw2p, agree-
ing well with the case of pure precession. Analogous relations exist in Li; and
Nas,, although in these cases the - - - (n4+1)ponp is below the - - - nprnp, a
fact which is faithfully reflected in the sign of go, and which is also signalized
(as is reasonable) by a very close agreement of the gy values with those cal-
culated for pure precession.

In the examples just discussed we apparently have the A-type doublet
separations agreeing with those calculated for pure precession because the
wave-function of the molecule approximates that of two separate atoms, whereas
if the wave-functions were nearly as in the united-atom, we could not expect
such agreement. This relation is the exact opposite of that found in molecules
such as ZnH, CdH, HgH, where we saw that wave-functions resembling those
of the separate atoms could not give pure precession, while wave-functions
like those of the united atom do give it.

These results give strong support to the idea that among molecules there
exist, for the outer electrons, examples of all stages of transformation of the
electronic wave-functions from those of two separate atoms nearly to those
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of the united-atom. Examples of the first stage are found in loosely-bound
molecules; an intermediate stage may be expected in stable states of firmly
bound molecules like N»; and the last stage is found in firmly-bound molecules
with very unequal nuclei, notably among the hydrides.

Interpretation of the electron states of CaH. We have left the CaH molecule
until the last, since it shows several interesting features. Beginning with the
normal 22 state, we notice that the observed 7, is only about one fourth that
calculated on the assumption of a relation of pure precession between this
state and the *II state, whereas in the similar molecules ZnH, CdH, HgH, the
observed v, is not far below the calculated.

Furthermore, the observed p, and g, of the *II state are negative, showing
that this state interacts with a 22+ state above it. [The possible alternative of
interaction with a 22~ state below it is too improbable from the standpoint of
electron configurations.| Further, p, agrees well in value and has the same
sign as 7, of a 22 state which lies only 1320 cm™! above the 2II. Finally, the
observed values of p,, ¢, and v, from the *II and the upper 22 (evidently 22+)
states agree well with those calculated assuming a relation of pure precession
between them with /=1 (cf. Table II). In view of the smallness of ]V(H, %) 1,
the agreement is surprisingly good (cf. the case of H, in Table I). The fact
that B, is practically the same for the ?IT and 2Z+ states is no doubt important
here, since it tends to cause v=0 of °II to interact almost exclusively with
=0 of the 22+, and v =0 of 22+ with v =0 of *II.

In a previous paper,? it was suggested that the normal 22 state of CaH is

-+ - 4po, as in ZnH, and that the %II and upper 22 states are - - - 4p7 and
-+ - 3de. But in view of the relations stated in the preceding paragraphs, it
seems evident that the upper 22 is - - - 4po, in which case it seems reasonable
to assume that the normal 22 is - - - 3do. In the Ca atom, the 3d electron is
almost as firmly bound as the 4p, and apparently in CaH, the 3d¢ is much
more firmly bound than 4pg. This is presumably because A =0 in 3de makes
the 3d orbit penetrating. Even so, it is surprising that - - - 4pg is above - - -
4, but this may perhaps be attributed partly to a quantum mechanical
repulsion between the states with - - - 3de and - - - 4po. The fairly large v,
of the - - - 3do state may be attributable to the existence of a pure preces-
sion relation with a - - - 3dw state which probably lies above the - - - 4pm.
A quantum-mechanical repulsion between these two II states may help to
account for the fact that the - - - 4p7 lies below the - - - 4pa. Possibly, how-
ever, the - - - 3dm lies below the - - - 4p7 and is involved in some new infra-
red bands.?

As for dissociation products, there seems to be no reason to doubt that

2 B, Grundstrém and E. Hulthén (Nature 125, 634, 1930) give data on the C system of
bands, whose final level is the normal ®Z state of CaH. The observed hand-heads can be repre-
sented by the equation »=28,290 4 (1423 v" —24.7v"2) — (1273 v’/ —22.1 9"’2) The four observed
vibrational levels of the lower state can be represented accurately by a linear function of ». Us-
ing a linear extrapolation as in the Birge and Sponer method, the energy of dissociation is 2.28
volts. Making a liberal allowance for actual departure of G(2’’) from linearity, 1.5 volts ap-
pears to be a reasonable value. Further data on CaH are given in a new paper by B. Grund-
strom, Zeits. f. Physik, 33, 235 (1931).
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the - - - 4s6%4pm and - - - 4s0?4po both dissociate to give a normal H atom
and a - - - 454p, 3P excited Ca atom, and that the - - - 450623do normal state
gives a normal H and a normal Ca atom ( - - - 452, 1S5). Since the interval 22

(normal) to *II is 1.78 volts, and the interval 2Z(normal) to 2Z( - - - 4pc) is
1.94 volts, while the interval 4s2, 1S to 4s4p, *P in the Ca atom is 1.87 volts,
it is evident that the energy of dissociation of the 2II state is only 0.09 volts
more, that of the upper 22 state 0.07 volts less, than that of the normal 2Z.
In other words, the energy of dissociation is nearly equal in these three cases.
Its value for the normal state may be roughly estimated3? as about 1.5 volts.

—+60

50

—+40

30

TEI)-TuKJ)

—+20

——+10

Fig. 4. Main figure: relative term values for the four sets of rotational levels Ta, Ti¢, T'1a,
T:q0f the 21 state of CaH. All the term values are shown relative to the T4 levels, T14(J) being
arbitrarily taken as zero. Inset: Spin doublet widths Av;»(K) for upper 22 state of CaH (cf. also
Fig. 3) and corrected spin doublet widths Avi2(K) —[HVV, Ariz(K)] for the ¢ and d sets of 2II
levels. HVV, Apy, (K) means the doublet width which would be calculated according to Hill and
Van Vleck’s equation, taking only spin uncoupling into account. The deviations from this,
Avyis—[HVV, Avys] represent secondary effects of J-uncoupling (cf. Egs. 18, 19, 20c, 20d).

The - - - 4po, 22 state of CaH shows a peculiar curve for Av;z(K). It begins
with nearly a straight line of slope —0.945, then for higher K values breaks
over to another nearly straight line of slope —0.543 (cf. Fig. 3). In ordinary
cases one finds a single straight line, Av12(K) =vy(K+3), up to high K values
where v begins to vary appreciably with K (cf. normal ?Z states of CdH and
HgH in Fig. 3). In abnormal cases like the upper 22 states of CdH and HgH,
the irregular variations of Ay;; with K are classified under the heading of per-
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turbations, i.e. are ascribed to the influence of various individual levels whose
v(II, 2) happens to be very small. Very likely a similar explanation applies
here, although perhaps a tendency toward case ¢ for low K values might be
held responsible.

The relative spacings of the four energy levels 7., Ts., 714, 124 as func-
tions of K for the *II state are interesting. They are shown in Fig. 4, which
represents a revision of a somewhat similar figure by Watson, who has also
given an interpretation of the uncoupling phenomena in this and the related
Y state along the same general lines as here.?®:'® The positions of all the above
four levels should be given by Eq. (9). This has not been tested directly here,
but it has been shown that the doublet separations Av;4, and Avyg, are in ac-
cordance with Eq. (9),—cf. Eq. (14) and Fig. 2,—and that the doublet sep-
arations Avipq(K) and Ay (K), also Avip(K) of the 22 state, show predicted
behavior for high K values (cf. Fig. 4 inset, Egs. 20c, 20d, and discussion fol-
lowing these equations).

The size of Avip(K) in the 22 state, and of Aw(corr.) =Ap;(K)—[HVV,
Ayp(K) ] in the 21 states, permits p to be estimated somewhat directly, since
we may expect these Ay, quantities to be equal to Ap, where 4 is the known
coupling constant obtained from the separation of the 211} and %I, levels at
low J values. From the observed values of Ay, or Avip(corr.) at K =33, namely
— 22 for the 22 state and +20 for the 2II¢ state, together with the value 4 =
80, we conclude that the component of / along the direction of K is about
0.25. It seems rather remarkable, for such large uncoupling, that the Van
Vleck formulas agree as well as they do with the experimental data. A care-
ful re-examination of data on the Zeeman effect' of the 2II—2Z and 2Z—?2
bands of CaH in relation to the above conclusions might be of interest.

Molecules Ny+, BO, NO, O,*. Data on these and similar molecules are not
very abundant. The existing data give no clear indication of the existence of
relations of pure precession between known states of these molecules. The
absence of such relations is, however, in agreement with the probable elec-
tron configurations.

The opposite signs of pg and go in the ?II state of BO are in agreement with
the requirements of the theory for an inverted %II. The fact that g is positive
indicates, since 4 is negative, that the interacting 2 state or states lie above
the 2II, so as to make »(II, 2) negative. The observed values of p, and ¢, in-
dicate that if there is a relation of pure precession, the interacting 22 state is
a 2Z+ state lying somewhat higher than the upper of the two known 2 states.
This state, which is unknown experimentally, should presumably have the
electron configuration - - - 3pg?2pwd3do3dr.

The fact that po and ¢o have the same sign in the case of the 2II normal
state of NO is in agreement with what the theory requires for a regular *II.
The fact that po and ¢, are positive®’ shows, since 4 is positive and »(II, 2) is

30 The information that po and g, are positive for the normal state of NO depends on the
assumption that the T state given in Table II (upper leve! of the v bands) is =%, This is very
probable from a consideration of electron configurations. If, however, it were 22—, we should
have to conclude that po and go are negative; and from this, that the *II state interacts princi-
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necessarily negative, that the 211 state interacts principally with a 22— state,
and not with the well known 2Z+ state listed in Table II (upper state of the
bands). A 22— state which should probably lie not very far above the 22+ state
just mentioned, and whose electron configuration would correspond to a rela-
tion of pure precession with the normal *IT state, would be one with the con-
figuration - - - 3do2pm*3dn?. Such a state would probably have a large 7, like
the upper 211 state, and so probably cannot be identified with the upper level
of either the 6 or € bands of NO, one at least of which is 2. .

In the case of the O;* bands it has been possible to determine the signs
as well as the magnitudes of po and g, if the very probable assumption is made
that the normal state is - - - 3dm, 2II, as given in the table. Since in O, only
levels symmetrical in the nuclei are present,* only positive rotational levels
can be present in an even (g) state.* This requirement, in connection with the
experimental data, suffices to determine the sign of Avg.. The result, that p,
and g, are positive in the normal state of O,*, agrees with that observed® in
NO, and may be taken as evidence in support of the even (g) character of nor-
mal Op* and of the assigned electron configuration - - - 3dwr for the normal
states of O, and NO. In the case of the upper state of Os*, poand gq are too
small to determine. By analogy, it is very likely that po and go are also very
small in the upper 2II state of NO. These coefficients cannot be directly de-
termined for the upper %Il of NO from the available data, except that it can
be said that, if p, of the lower state is +0.015, py of the upper 2II is either
+0.03 or +0.00. The analogy to O,* now makes the latter value the more
probable.

In conclusion, we take pleasure in acknowledging our indebtedness to
Professor J. H. Van Vleck for helpful discussions and correspondence.

pally with 2=+ states above it. Thus whether we assume the upper level of the v bands to be
23+ or 237, we must conclude that it does not stand in a relation of pure precession to the 2II
state. This conclusion in turn gives strong support to the original assumption that the 2T state
in question is not 227, since a low 22~ could hardly be other than the one with the configura-
tion . . . 3do2pr*3dn?, which should stand in the relation of pure precession to the normal 2Ii.



