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The first- and second-order corrections to the vibration-rotation energies of polyatomic
molecules are dealt with in instances where two or more vibration frequencies are accidentally
degenerate. The method of the contact transformation employed in Part I is extended and
made applicable to the two types of first-order resonance interactions, i.e., the Fermi-Dennison
type and the Coriolis type. The components of the energy matrix are evaluated in general, and
examples are considered to demonstrate how the actual energies may be evaluated.

I. INTRODUCTION

HE vibration and rotation of a general polyatomic molecule have been dealt with quantum

mechanically in an earlier paper, hereafter referred to as Part 1,! and expressions were derived

for the energies by a second-order perturbation calculation. The results are applicable, except in cer-
tain anomalous cases, to specific molecular models to obtain the vibration-rotation energies.

The perturbation method applied to this problem is related to the fact that, except for the terms
of Coriolis interaction between degenerate vibrations and the rotation of the molecule, the terms in
the first-order Hamiltonian, H;, cannot in general contribute to the energy before in second order of
approximation. It is, therefore, effective to transform the Hamiltonian, H;, of the molecule by a
contact transformation into 7 H T '=Hy +eH, + €I,y - -+ where Hy will contain to second order
of approximation only the above mentioned Coriolis interaction terms. Linear combinations of the
zero-order wave functions may always be found so that the matrix of H, will have only diagonal
elements. Using the stabilized wave functions of Hy/, i.e., the linear combination of the zero-order
wave functions which will diagonalize Hy'+eIy, the calculation of the second-order energies is re-
duced, in effect, to a first-order perturbation calculation.

Denoting by T'(e) the transformation function e*S, we have to second order of approximation :

T=1+1eS—(e?/2)S*+- - -. (1)

Transformation of H=Hy+eH1+€H,- - - leads to THT'=H'=H, +eH,+e&H, where it is readily
shown that

H()I:Ho, H1,=H1—’i(Hos—SH0), H2,=H2+(7//2)[S(I11+H1,)—(}11-"-[’[1,)5:]. (2)

The method is very effective except in such cases where peculiar relationships exist between

the vibration frequencies. For example, if the first-order Hamiltonian of a molecule has a term

ksstsr'Qseqsra:qsrrorr 101 it, the transformed second Hamiltonian, Hy', will contain a contribution inversely
proportional to

E()\s%—l_)\s'%'*_}\s”%) ()\s%_i“)\s'%'_ >\s”‘i) ()\s%—)\s’%‘l_)\s"%) ()\s,i‘—)\s"z_)\s"%):ly

where A\, =4n%’»,?, and the anharmonic coefficients x,, % etc., in the expression for the vibration
energy of the molecule will contain terms with the same denominator (see for example, Eq. (30),
Part I). If accidentally Ay+? should be very nearly equal to A2 4+Ay? (i.e., wsr = ws+wsr) in which case
resonance is said to occur, the quantities x, and %, may become indefinitely large and the method
described above will fail. A similar instance may arise when the first-order Hamiltonian, H;, of a
polyatomic molecule contains a Coriolis interaction term

Cosr L Ns/Ns1)iqerps— (Nt /Ns) qspsr 1 P
L H. H. Nielsen, Phys. Rev. 60, 794 (1941).
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The transformed second-order Hamiltonian, H,', will contain terms corresponding to those with the
denominator A;—A,. These in turn give rise to correction terms to the effective reciprocals of inertia
with the same denominator. As before, if A; should accidentally be very nearly equal to Ay so that
resonance sets in, the correction terms may become indefinitelylarge, and the method described before
becomes inadequate. We shall hereafter consider how the above method may be modified to take
account satisfactorily of the contribution to the energies by such terms when resonance between
frequencies takes place.

II. ANHARMONIC RESONANCE INTERACTIONS

We shall first consider the case where the resonance interaction results because of the presence of
terms in the anharmonic portion of the potential energy which are cubic in the coordinates. The
general anharmonic potential energy term which is cubic in the coordinates may be written?

thss's”gsoqs’U’gs"v"' . (3)

This term may be removed from the first-order Hamiltonian by transforming H with the transforma-
tion function?

S= "'thss's" {>\s%(>\s—')\s’ - >\s")psd]s’a'gs”o"’/ﬁ+)\s’%(>\s’ - )\s” —As)q.wps’a’qw’a"’/h
+)\s”%(>\s” - }\s_ ks’)gsvgs’a'Ps”w"/ﬁ— 2}\3%7\s’§>\s"%Psaps’a'ps“a”/;ﬁ}
X { ﬁ(ks%_")\s’%'l—)\s"%) ()\sé‘{_)\s’% - As”%) O\s%'— As'%“*‘)\s”%) ()\s%_ >\s'%'_ )\s"%) }_1. (4:)

The transformation produces, however, a term in the second-order Hamiltonian with the denominator
(AF+As 2 =2y}, When, for example, the combination frequency A\.#+\,* (or overtone frequency when
s=s") and the fundamental A,.-}are very nearly alike, resonance sets in and the term hcksss'/qseQsrarqs 2+
may evidently contribute to the energy of the molecule an amount which is of first-order magnitude.
It therefore appears that it is not legitimate to remove the term hcksss'1qseQstorqsrror+ from the first-
order Hamiltonian. A closer inspection reveals, however, that it is only the (vss, vs767, Vsrror| V501,
Vyrer =1, V57 F 1) matrix elements of this potential energy which offers difficulties. It therefore be-
comes apparent that if a transformation function S can be found such that after the transformation of
H has taken place Hy will contain only the elements (Vss, Vsrory Usrrgr |Uso=1, Vsror =1, V5o F 1), these
having, of course, the same values as the corresponding elements of the term kckss s /qseQsrsrGsrarr, then
a transformation method may still be employed with advantage. It will be seen that the term,

(thxs's”/4) { (QSrrPs'o" +gs’ﬂ'Pso‘)P8"a”/ﬁ2_ (pstrps’o"/h2—QSaq.s'v’)gs"v”} ] (5)

has the same (¥ss, Usror, Usrror | Vsozk 1, Vgrer =1, Do 1) matrix elements as (3), but that all its other
matrix elements are equal to zero. Since the function (4) will remove the term (3) entirely from Hy/,
we may expect to obtain a transformation function appropriate for us by adding (4) to a function s
which will put the expression (5) back into the transformed Hy’. A little experimentation shows that
the function

= (hckayrarr /4) (NFFAerd = Ao d Ao = Adh e — Aohod = Ao Ad = AgAharr - A gy — 20 AN AN, 4]
X { (PsaPs’q’Ps”a”/ﬁg) - (q:wgs’o"Ps“ﬂ"/ﬁ) + (QWPs’a’q.s"o"’/ﬁ') + (Pson’a”Qs"v"/ﬁ)}
X (O AA A A AA =N ) Ad—AdFAe D) Ad—AA =D} (6)

will accomplish this. The transformation function S* suitable for our problem will be $*=.S+4s and

2 The coordinates ¢,, used here are dimensionless so that if ke is expressed in cm™, the term fickss» will have the
dimensions of energy. The constants Res» used here will be found to be equivalent to the Ess# used in Part I, multiplied
by the constant (h}/8w3c5 2w dwsrtwyrrt).

3W. H. Shaffer, H. H. Nielsen, and L. H. Thomas, Phys. Rev. 56, 895 (1939). S. Silver and W. H. Shaffer, J. Chem.
Phys. 9, 599 (1941).



VIBRATION-ROTATION ENERGIES 183

is equal to
S* = (hckssrsrr /4) { (AaTFNor - Agrr = 2NN A 2N AN A 2NN g0 1) (PooDsror Psrrort /518) — (o Nor — 3Ngrs
— 2NN = 2NN A — 2N AN D) (GooGorar Parrort /1) (Ne — 3har - Norr 2NN A 20 N d
= 20N 2) (oo 5o Qsrorr 1)+ (— BNsHNsr - Ngrr 2NN E = 2NN 200 BN )
X (Pse@sarGsrror /B } AN N D) N =N+ D A=A =N D} (7)

It should be noted that S* does not contain the denominator (A#+X\s¥—A,0%),
‘We have, then, for the zero-order Hamiltonian

Ho=(1/2){(Ps*/1::)+(Py*/1y9) + (P:2/L.:)} + (1/2) Ts Lo (N (Pss?/B+ 5™}, (8)

and for the transformed first-order Hamiltonian, H,’, the following:
HY= (thss's"/4) { (qups'a'+PsaQs’o—’)ps”a”/h2"' (Pswps’a’/fﬂ_ Qschs’u’)Qs"a" } . (9)
The transformed second-order Hamiltonian will also differ from the relation given in Eq. (21c),

. . . 2 R
Part 1,4 but only insofar as the terms containing ks as a coefficient are concerned. We restate,
therefore, only this term. It is:

(1/2) (S*Hy— H1S*) = (hekawrsrr/2) 2 (A Ao Ao = 20 A 2NN A+ 200 B0 D)
X (PooGosbsraGsrarborrorortars = GaubsoGoroDerarGarrar Porrare) [ 1t
— (Ao = 3N — 2N = NN A= 2NN er ) (Garlrer /)
F (o= BharF Norr A 20N - 2NN E = 2NNy ) (Gaoarrore /)
(= 3N Mo NN A = 2NN A 20 AN ) (v Gorrar /) }
PEVICRED WED WHIVREDWEES WO IORED WEED W) F R NN ¢ (1)}

To arrive at the energies we proceed now by assuming that A#4A3=A,? so that we may write
Aot =237 +6 where § is small. When we substitute this into the portion of H, which concerns
these frequencies we obtain

Ho=(1/2) (A} (boo? /124 Goo?) A (Brvor 12 Garer) + (NIANA) (Parrors /B2 Gorgrr) (11)

and
Hy' = (81/2) (pirrgr /W24 Gurrar) + (hckasrss[4) (Quaboror & Deourat ) porrors /2
— (Psotsror /B2 —qseGs107)@srrarr} . (12)
If now the frequencies are non-degenerate so that we may set ¢ =¢’ =1, we obtain at once that
(Eo/he) = ws(vs+ver+1) Fws (w5 +vs+1). (13)

The first term in H,’ has only elements diagonal in the quantum numbers and the second, as we have
seen, has only the matrix elements (v;, 95, 95 |21, 21, 9, F 1). These elements are the following

(Vsy Vsry Voo | HY' Jhc| v, vsr, v500) = (w50 +32)A, A= (8/4nc), (14a)
(s, vsr, vorr | Hy [he|vs+1, 0541, v —1) = (0,41, vo+1, vy — 1| Hy [hc|vs, vs, vs11)
=keors [ ((v:11)/2) ((v0+1)/2) (v /2) . (14D)

The matrix components of the transformed second-order Hamiltonian which are of importance
are those diagonal in the quantum numbers. In our case they are the same as those.given in Part I

4To arrive at the modified expression for Hy/, it is necessary to recompute the expression (¢/2){S*(H:\'+H:)
—(H.'+4H,)S*}. It is quickly seen that S* has no matrix elements of the type (vs0svers |51, ver 1, vy»F 1) while H,’
was so determined that it contains only elements of this type. In evaluating the energies to second-order of approximation,
we shall be interested only in the elements of H,’ diagonal in the quantum numbers v, s, 7+, but it is evident that
(S*H,'— H,'S*) will have none such. It is necessary, therefore, only to consider (S*H,— HS*).
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except insofar as the terms having the coefficient k:s:su are concerned. These occur in only x. In
our case the term multiplied by kzszsu will be

1 1 1
— (he/2) (kssrsrr/2)? } - . (15)

Wstwe F gt wWs— Wy Fwerr Ws— Wyt — W

The expression (15) will be seen to be identical to the relation occurring in % as defined in Part I
except that the term having the denominator (ws;~+ws —ws+) is absent.?

When the frequency A, is equal to the frequency A%, we have the interesting case which is generally
referred to as Fermi-Dennison® resonance. When the frequencies A and A+ are non-degenerate so
that ¢=0"'=1, the term in the first-order Hamiltonian which allows the resonance interaction to
occur, may be written hcksss q2gs-. The appropriate transformation of this term may be achieved by
using the function (7) where s=s’, ¢ =0¢’, and where the order in which the operators occur is pre-
served. In this case we set Ay»}=2\,#-+4, § being small, and we have for the zero-order Hamiltonian
which relates to A} and Ay /? -

Ho= (NG /2){ (ps* /1P +q:%) +2(per /1040 P) (16)
and for the transformed first-order Hamiltonian
Hy' = (811/2) (porr* /12 +orr?) - (hcksssr: /) [ (PsGsFqspe) porr /B = (52 /12— 4:7) o7 . (17
For the zero-order energies we obtain at once
(Eo/he) = ws(vs 4200 +3). (18)

As before the first term in Iy’ has only elements diagonal in the quantum numbers, while the second
has the elements (v;, 95+ |v5s£2, 9,77 1) only. These are

o (s, ver | HY' Jhe |06y v5) = A(vsr+-3), (A= d/4wc), (19a)
Hy'/helvs+2, vy —1) = (0542, v — 1| HY /hc | s, v50)
= (ksssr/2)[(0s+1) (042) (w51 /2) 2. (19b)

The diagonal elements of H,' are again the only ones which are of interest. Their contributions
to the energy can be shown to be identically the same as those give in Part I except insofar as the

(7}87 Vsr7

2 .
contributions which have the coefficient kg, + are concerned. Such terms occur only in % and xg/.

As in the earlier example one may show that the contributions which have the coefficient kissu
remain the same as those given in Part I except that the term which has the denominator (2ws—ws)
will be absent.

When the frequency A,? is twofold degenerate, as may be the case in linear and axially symmetric
polyatomic molecules, the index ¢ may take the values o=1 and ¢=2. In such cases resonance may
occur between the overtone 2w, and the fundamental frequency w,- if the first-order potential energy

contains the following component
thsss”(gs, 12+gs, 22)q.s”- (20)

Here it is only the elements (vs,1; s, 2; Vst | 05,1922 ; U5, 2; 05T 1) and (vs,1; Vs, 25 V7 |05, 15 Vs, 22, 0,:F 1)
which cause trouble when resonance between 2w, and w,+ occurs. The terms in (20) are properly
transformed by use of (7) exactly as in the preceding example. As before we proceed by setting

5 The component of x, which has ksys- as a coefficient is stated in Part I as follows: ws+(ws 2 —w?— wer2) /[ (ws+wsr +wsr)
X (wsFwsr — wsr+) (ws — wsr +ws'7) (ws— wsr — wsr+) ]. This may be factored into (1/4) [

wstwyr twsrr wswst —wsr T ws— wst +wsre
1

Ws = Ws’ — W',

6 E. Fermi, Zeits. f. Physik 71, 250 (1931). D. M. Dennison, Phys. Rev. 41, 304 (1932).
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Aot =2\1+46 and obtain for the zero-order Hamiltonian the following :
Ho= (N3 /2) { (s, / 12+ ps, 22/ 1P+ Gs, 12+ o, 27) +2 (P [ B2+ gor 1) (21)
and the transformed first-order Hamiltonian will be:
Hy' = (61/2) (psr?/ B2+ qorr?) + (hcksssrr [4) [ (Do, 1G5, 1 s, 105, 17 Ps, 20, 2
s 25, 2)Psrr [BE— (Ps, 1P/ B2+ Ds, 22 /1 — @o1* — @5, 2) g5 ). (22)

It is convenient to replace the coordinates ¢;1 and g2 and the conjugate momenta p; and
ps2 by their equivalents in cylindrical coordinates. These are g,1=7; cOs Xs gs2=7s SIN Xo, Ps1
= (—1h)[cos x:0/07s— (sin xs/7:)0/dxs | and ps, 2= (—1h)[sin xs0/97s+ (cos xs/75)9/dxs . The eigen-
values of (21) are known to be:

(Eo/hc) = (vs+ 205+ 2) ws. (23)
The matrix components of H;" rewritten in the same coordinates are known to be the following:”
(s, Lsy vorr | HY [hc|vs, s, v50) = Avsr+3), (A= 8/4mc) (24a)
(vsy Lsy, vsrr | HY' Jhc|vs+2, Lsy v5rr — 1) = (0542, Ly 00— 1| HY' [hic | vs, Lsvsr7)
' = (= ko /DL @02 1T 0y /2)},  (24b)

where [, takes the values v, v,—2, - -1, or 0.
As in the preceding example the elements of the transformed second-order Hamiltonian which
are diagonal in the quantum numbers are the same as those in Part I, except insofar as those terms

which have kissn as coefficients are concerned. These elements contribute only to %y, %/, and xis,
and the terms which have k... as a coefficient are altered from (—kissu/llwsu) (Bwd—3ws?) (4wl — ws?)
t0 — kaser [(1/2057) +1/8(2sw5+) ] il Fasy From — 2kaesr s/ (dess? — wyr2) 10 (—koserr/2) /(205 +wer) in

Zesrr, and from (—kayr /&) wyrr /(A —wyrr?) 10 (kassrr/8)/ (20, +wy) in x,1,. These will be seen to be
the same as those occurring in the expressions for &g, %57, and x50, given in Part I, except that the
part containing (2ws;—w,+) as a denominator is absent.

The actual energy values may be obtained by diagonalizing the matrix F, and this is readily ac-
complished by setting its secular determinant (i.e., |(r|H|7') —ES$,.-| where 7 comprises all the
quantum numbers, vibrational and rotational) equal to zero and solving for the roots. For simplicity
we confine ourselves to the energies of the non-rotating molecule.

Study the first example considered. The elements of H are diagonal in all the vibration quantum
numbers except v, vy, and vy.. The zero-order energy (13) no longer depends upon the quantum
numbers s, vy, and v,» independently, but rather upon v,+4v,» and v, +vs.. There exists, therefore, a
degeneracy and the degree of degeneracy is the number of ways v,+v,» and v +9,+ can be made to
add up to a given value. For example, consider that v;4v,» and vy +v,» are made equal to one. This
can happen if v;=9+=1 and v,»=0 or if ;=9 =0 and v,»=1. In both cases (Eo/hc) =2(ws+ws) and
the level is twofold degenerate, and the matrix elements relating to this level form a step matrix of
two rows and columns grouped about the principal diagonal. This is illustrated in (25):

715=1/_9'=1, 'Us"=0 'Us:i)sr:(), ‘Z}Slr—_—i
V=0 =1 )
0 2(w8+ws’)+A/2 kss's”/(s)2
Vgrr = .
(25)
v, =0y =0 .
1 kss’s"/(g)i 2(w3+w31) +3A/2
Ygrr =

7 These matrix components have been computed by Professor W. H. Shaffer of this University who generously made his
computations available to the author. The author wishes to express his appreciation to Professor Shaffer for his kindness.
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Similarly, in the second example the elements of H are diagonal in the vibration quantum numbers
except v, and v,-. There will, as before, be a degeneracy since the zero-order energies (18) do not
depend upon the quantum numbers, v; and v,+, independently, but upon v,+2v,. The degree of the
degeneracy is determined by the number of ways in which v;422,+ can be made to add up to a given
value. Suppose w; is a linear harmonic frequency and that we let 2v,-+9, be equal to four. This may
take place in the following ways: 9,» =0, 9,=4; v,» =1, v,=2; and v,» =2, 9,=0. The level (205 +,)ws
is, therefore, threefold degenerate, and the matrix elements relating to this level form a step matrix of
three rows and columns grouped about the principal diagonal. This step matrix is illustrated in (26):

vsu:()’ 7)8=4 7)81,=1, Us:2 ‘]_}sn=2’ 1)8=0

WO e/ 48/2 | (/260 0

vs=4

s"=1

V| G D@ | Ala/D+38/2 | /D@ (26)
vs"=(2) 0 (Baserr /2)(2)1 (11w,/2)+5A/2

Vs =

The example where w; is a two-dimensionally isotropic frequency has been examined by Dennison?
and will not be discussed here.

The matrix of the vibration energy will, therefore, to this approximation contain elements along the
principal diagonal only, except insofar as vs, v/, and v,» are concerned. The diagonalization may then
be accomplished by diagonalizing each substep independently. Wher the roots have been evaluated,
the stabilized wave functions for the component states may readily be obtained since these will be
linear combinations of the wave functions of the unperturbed states, the coefficients multiplying each
term being the normalized cofactors of the secular determinant.

III. THE CORIOLIS TYPE RESONANCE INTERACTION

We shall investigate, in this section, a perturbation which arises when two mutually perpendicular
vibrations interact with the rotational motion of the molecule through the Coriolis operator:

u; [()\s’/)\s) %gsapx'a’ - (As/)\s') %QS'V’psa][xEsvs'v'Pz/Izz(e)) + (ﬂsvs'v’Py/Iyy(e)) + (g‘sas’u’Pz/Izz(e))]- (27)

The quantities 50, Nsosrar, aNd sperer Which occur in (27) are the Coriolis coupling coefficients and
depend in an involved manner upon the nature of the normal coordinates associated with the fre-
quencies w, and w,-. The term (27) may be removed from the first-order Hamiltonian by transforming
H using the transformation function:

S= - { [(>\3+>\s’)gsags’d' +2)\sé)\s'%P“Pa',l/ﬁz:]/)\ﬁ)\sl*()\,-—)\,r) }
X { (Esn’o”Pz/Izz(e)) + (ﬂsa’rs’v’Py/Iyy(e)) + (g‘sas’a’Pz/Izz(e)) } . (28)

The transformation of H by S gives rise to terms in the second-order Hamiltonian with the denomi-
nator (As—A\s), (i.e., ws —ws). When A} is very nearly equal to A}, resonance sets in and we have much
the same difficulty as that which arose in the preceding section. In this example it is the
(Vs Vsror | 0o 1, Vsre»TF 1) matrix elements of the operator (27) which present difficulty. We may
proceed as in Section II to transform H by a contact transformation such that it will have only the
elements (ves, Vsror | e =1, 0570 F 1), these being the same identically as the corresponding elements of

8 D. M. Dennison, Rev. Mod. Phys. 12, 175 (1940).
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the operator (27). It will be noted that

(VLI

st’a’ =3 g;, [(>‘s*+xs'§)/(xa*)\s'§)][q‘xvps’a’ - Qs'a'Psv][(ans’d’Pz/Izz(e))

+ ("]ws’v’Py/Iyy(e)) + (g'sn’a’Pz/Iu(’)]) (29)
satisfies the above requirements. Since .S will remove the operator (27) completely from Hy we may
expect to derive the function S* required by adding to .S a function s which will put the expression (29)

back into the transformed first-order Hamiltonian Hy’. It may be verified that the correct form for s
will be

s=3LAHHAA) /AN AN = No) I oGeror +Dsooror /BN (Esearor P o/ T22)
+ (10570 Py/ T3y @)+ ($sosa Pa/1:59) ] (30)
Evidently the transformation function S*=S-s suitable for our problem will be:
S*= 3L =N /ANANEANA) N[ Gs0Goror — Pootsror /B2 I ($sverar P2/ T25)
+ (MoosrarPy/ L4y @)+ ($sosrar P/ 1) ] (31)

It does not contain the denominator (At —A%).

Consider now the two frequencies w; and w,» which are assumed to arise from two linear harmonic
oscillations which are perpendicular to each other. We proceed as in Section II by assuming that
A=Ayt so that we may write A\y¢#=\;}+35, § being a small quantity. The zero-order Hamiltonian
pertaining to these two frequencies may be written:

Ho=(\d/2)[(p:*/ B2+ ¢:%) + (po* /57 +q:%) ], (32)
H, has the eigenvalue
(Eo/hc) = (vs+vsr+1) ws. (33)
The first-order transformed Hamiltonian will be:
Hy'=(31/2) (ps?/1*+qer®) +Haer . (34)
H)' has the following non-vanishing matrix components:
(v vs, 09 -K|Hy{/he| - v5, 05+ - K)=A(vs+3), (A=5/4mc) (35a)

(- 9505+ K|H{/he| -+ -04+1, 09 —1- - - K)=—(+ - -05+1, 090 —1- - - K|Hy /hc| - + +vs, var+ - - K)
=180 ZK[ (N +HNe?) /(Nade) ] (04 1)} (ver)t,  (35D)
(- vsy Vo - - K|Hy [he|  + -v54+1, v —1- - - K1)
=—(-v+1,00—1---K|H{/hc| - - 05, 05 - - K E1)
=1 nee Vetitw X [T (J+1) — K(K£1) FLAF 4+ /Aeher) ] (ws+1)¥(vs)t. (35¢)

The transformed second-order Hamiltonian Hy' will, of course, also be altered, but only insofar as
the coefficients of the operators P.%, P2 and P.? are concerned which are multiplied by &2, 7.s-?, and

¢sa2. When the contact transformation of H has been completed, the above coefficients will be replaced
by

L@/8) Ade) (A =Nerd) /(N M) T{L3 (e /) (Ve /Ner) 10
- [O‘S'/)\S)%+3<)‘S/)\8’)}](Psv2/h2) } { <ESS’P:/IM(€)) + (WSS'Py/Iyu(e)) + (g‘ss'Pz/Izz(e)) } 2, (36)

To this approximation H,’ will contribute only to the diagonal elements of the matrix H, and these
will be exactly the second-order corrections to the reciprocals of inertia given in Part I except that
the terms containing A;/(As —\,/) which occur in the rotational constants X, Vs, and z,, will be absent



188

HARALD H. NIELSEN

—~~ v
4 !
N
o= o
o o o <) o ! dq
o +
S N
N2 C)
> 55
8§ [
I's I
R N
& X ~
- o o = o q | @
o
I +
é‘ =)
&
N 5
w
2 =
=
s .S
RIS
~ | RSN
-~ | QN
I ~ +
5] RS
sSylo |o 2l oo
s 753
Il X |
..,
e o |
2 S+
a8 N S
~ S R
= w [l
=
z L=
S ) 2
¥ N
N SIS S
[ q+ P
< o L o
» N
eY e =] tg <Llolo
4; M$ =+
I -,
3 5 ]
2 N
£ T |8
o} 197 |
= Doyl e
= = |
S| 3.5
F| 2|
= S >
~~ N qt\l
I | ++
5 | SN U
°Y | flgx | S oo
o= + <
4+
I X < |
S AP
& W | &
gL
2> o X +
a0 N S
= S 4
~ w M
= | =
3| B 2
~1 N% <
o~ <
RS
< Fe
Sw— +M B
3 Q: _,‘<_ o o o lo
NX £ -
S Gl 2s
3 B4 st
= |t |NX
ey < ]
o 5
~~ —~ — — P
8z st ez ©2 £ ¢
~— A
s > 1 1y X X
2] o2t 23 a? S
S -G N |
— OI - o ;« ;5:
[N RN AR
S £2 S5 23 1
EX EX 22X § &
* © ] * S

(38)

and in their place will be found, respectively :
Ess’ 2Xe(h/2[zz(e) ()\s)\s’)‘;) [(As% - As’*)/(xsi + )\x'%) :I»
7788'2 Ye(h/ZIuy(e) (As)\s')%) [()\s%_ Aa'%)/(ksi'l‘)‘s";) ],

Cos?Zo(h /20O Nahor) DL (A2 = Ne?) /(NN D) ]
37

The energy values themselves are obtained as
before by solving for the roots of the secular deter-
minant of the matrix which has the elements (32),
(35), and (37). To second order of approximation
all the terms are diagonal in the vibration quan-
tum numbers v, and v,-. The zero-order energies
are degenerate in the frequencies w, and w, since
they depend not upon v, and v, independently,
but upon v,+v,. The degree of the degeneracy
depends upon the number of ways v,+4v,- can be
made to add up to the same number. The ele-
ments associated with the resonating components
form a sub-matrix of the matrix of H. This sub-
matrix will contain as many rows and columns
as the degree of the degeneracy, its elements
being grouped about the principal diagonal of
the matrix in a little box. Diagonalization of the
matrix is accomplished simply by diagonalizing
these sub-matrices by themselves. Once the roots
of the secular determinant are known, the stabi-
lized wave functions are immediately available
since they are linear combinations of the zero-
order wave functions of the component levels,
the coefficients of these being the normalized first
minors of the secular determinant.

We shall examine the case where the frequen-
cies ws and w,- lie in the xy plane of the molecule
as is the case in the planar ZXY, molecular
model studied by Silver.® This is tantamount
to setting £ =7 =0 in which case the matrix
elements (vs, v, K |vs2£1,v,7F 1, K4 1) will vanish.
If we confine ourselves to the fundamental fre-
quencies ws and ws (i.e., v:=1, v =0, and v,=0,
v =1), we have specifically the case described by
Silver.? We shall set up the secular determinant
of the sub-matrix associated with these frequen-
cies for the value of J=1, J being the quantum
number of total angular momentum. We follow
Silver and use as the basic rotational wave func-
tions (AY(K=1)xy¢(K=—1)] and ¢(K=0)
instead of the functions (K =1), (K= —1) and
Y(K=0). We have then Eq. (38) as given in

9 8. Silver, J. Chem. Phys. 10, 565 (1942).
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adjacent column where the R;
are the values of R; defined in
Eq. (27), Part I, where v,=1 and
v =0 and the R/ are the values
when 9,=0 and v,»=1. The roots
of (38) will be seen to be those
given by Silver® for the state
J=1.

The selection rules for the
quantum number K are altered
by this type of resonance inter-
action. This question has been
dealt with elsewhere!® and need
not be repeated here.

Another example, which may
be regarded as a generalization of
the previous example, but which
is sufficiently different from the
foregoing to warrant separate
mention, is the one where there
are three resonating frequencies,
wsy wsr, and wgrr (L.e., A2 =N346
and Agd=\2498, § and &’ being
small quantities), arising from
three linear harmonic oscillations
which are mutually perpendicu-
lar to each other. We shall con-
fine ourselves to the situation
where the vibrations associated
with the frequencies ws, ws, and
wyr are respectively along the
body fixed axes z, x, and y. This
is equivalent to declaring that
only the Coriolis coupling factors,
£srsy Mssrr, and e, are different
from zero. In this case there will
be matrix elements of all the types
given in (35) which are non-van-
ishing. We shall here consider only
the fundamental frequencies, ws,
wy,and wer (ie.,9,=1,v5=0,,=0;
V=0 =0, 0o =1; v, =0, =0,
v»=1), and set up the secular
determinant for the sub-matrix
associated with these frequencies
for the value of J=1, J being the
quantum number of total angular
momentum. We follow a method

10 H. H. Nielsen, J. Chem. Phys. 5,
818 (1937).
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suggested by the work of Shaffer, Nielsen, and Thomas? and use as the basic wave functions the
0

1 0
following: F R(K), G R(K), and H R(K), F and H being, respectively, (%)} ( gog:ti(p(l)) and G= qo(l)

1 0 0
where ¢8=¢(vs=0, Vgr =0, Vgrr = 1)¢(l)=\[/(vs=0, ve =1, v,,=0) and ¢(1)=1//(v.,= 1, v =0, v,,»=0). In the

above functions R(X) is the rotational wave function which for a given J value is characterized by
the quantum number K. We have then the rather complicated secular determinant! given in Eq.
(39) on page 189, where

§=(Sorrar /LA HNer ) / NorXer )]s

a=(Evs/DLAFHNe?) /(NDe ) 1X oA (1300 /2) LI HDeA) /(NN ) ] Y,
B=1/H{[Y(w=1)+Y (e =1)]-[X@"=1)+X(s=1)]},
v=(Es/2)LAFHNe?) / ADs) ]X o= (mssr /2) [N +-Nsr ) /NN )] Y,

and the R;'s are defined as before.

When the molecule is a symmetric molecule, the reciprocals of inertia X, and ¥, are alike, the
frequencies w,r and w, are the same (i.e., As# =\s¥), and £y and 5.+, become equal to each other. The
determinant (39) is then much simplified since 8 and v reduce to zero and the R;, become respectively
equal to the R;. It will then be seen that the secular determinant factors into five sub-determinants,
two identical ones with a single element, two other identical steps with two rows and columns each,
and another with three rows and columns. The general secular determinant for a given value of J
will have 3(2J41) rows and columns, but will again factor into sub-determinants. There will always
be two identical steps with a single element each, two identical steps each with two rows and columns,
and the rest will have three rows and columns each. The general form for the sub-determinant will be:

(40)

FR(K+1) G R(K) HR(K—1)
Ro+(K+1)%R, Fe K(K+1)T
FR(E+1)| +(E+1)Rs [—z—]a 0
—20(K+1)Z.—¢
G R(K) [f*K(K+1)]*a R+ K2R, ! _[f—K(K—l)]*a —0. (1)

2 +K*Ry—e 2

R —1) Ro+(K—1)*Rs

HR(K—1) 0 —[—2—] a| +(K—1)'R;

+20(K—1)Z,—¢

There will be an odd number of steps with three rows and columns each, and these will be identical in
pairs except for the step where K =0. In the limiting case of molecules like CH,; where X,=Y,=2,,
the frequencies ws, wyr, and w,+ form a triply degenerate frequency. It may be shown that &y, =174
={ss={. If the centrifugal distortion term Rj is neglected in the sub-determinant (41), it yields
(e—Ro)/hc=2J¢B., (e—Ry)/hc=—2¢B,, and (e—Ry)/hc= —2(J+1)¢B, as the values for the roots.
These are the well-known values given by several authors.!? '

" It is not practicable here to discuss the selection rules which result because of the resonance since
they become quite complicated. One may visualize them somewhat in the following manner. The

i The elements (F R(1)|H R(—1)), (H R(—1)|F R(1)), (F R(—1)|H R(1)), and (H R(1)|F R(—1)) are not exactly
zero as indicated in (39). They are of the order of differences in the anharmonic corrections to the reciprocals of inertia
and will, therefore, not contribute to the energy of the molecule in this approximation.

12 M. Johnston and D. M. Dennison, Phys. Rev. 48, 868 (1935). H. A. Jahn, Proc. Roy. Soc. A168, 469 (1938).
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frequencies wy and we» were assumed to lie in the xy plane of the molecule while the frequency w, was
taken to be along the body fixed axis z. When the molecule is a symmetric molecule and ws = w,r+, we
have a twofold degenerate frequency in a plane perpendicular to the axis of symmetry. Such a fre-
quency is termed a perpendicular vibration and the selection rules in the unperturbed case are
AJ==+1, 0; AK==1. The frequency ws is non-degenerate and along the axis of symmetry. It is
known as a parallel vibration and in the unperturbed case, the selection rules are AJ==+1, 0; AK=0.
When resonance sets in there will be a mixing of the wave functions, i.e., the wave functions of the
component levels become linear combinations of the unperturbed wave functions. Thus, in the case
discussed here, the actual wave functions will be linear combinations of F R(K+1), G R(K), and
H R(K —1). This will mean that when a transition takes place from the normal state to the component
level which corresponds more nearly to the unperturbed state, w;, the resulting spectrum will, to be
sure, have the characteristics of a parallel type band, but at the same time it will also possess charac-
teristics of a perpendicular band. In the same manner when a transition occurs from the normal state
to the component level wy(=wy) the spectrum will have characteristics not only of a perpendicular
band, but also to some extent the characteristics of a parallel type band.

By way of conclusion it is perhaps worth while to point out the similarities and the differences
between the method here employed to obtain the vibration-rotation energies when vibration fre--
quencies are accidentally degenerate and the method used by Dennison?® in his study of the carbon
dioxide molecule. The method of Dennison is to evaluate the energy matrix by using the zero-order
wave functions, i.e., the solutions to the zero-order wave equation. This matrix will, to the desired
approximation, have diagonal elements containing zero- and second-order contributions and non-
diagonal elements of first- and second-order magnitude. This matrix is then transformed into another
matrix which has no off diagonal elements of less than second-order magnitude. To second order of
approximation the elements along the principal diagonal may be regarded as the energies of the
molecule. When two vibration frequencies, ws and 7wy are close together, the method may fail since
the transformed matrix will have second-order correction terms on the principal diagonal which have
the denominators ws— 7w, In such instances where w; = 7w, the elements which cause trouble are the
same as those referred to in earlier sections. These are computed on the basis that the energies E,
and E, are degenerate, and the corresponding elements will be contained in sub-matrices grouped
about the principal diagonal. The remaining elements are computed as before, the elements along the
principal diagonal being the same, according to Dennison, except that all terms containing the
vanishing denominators will be absent.

In our method it is the Hamiltonian which is transformed in such a manner that the first-order
Hamiltonian, Hy', vanishes to second order of approximation so that the second-order corrections
to the energy are simply the diagonal elements of H,', and consequently the energies of the molecule
may be taken to be just the diagonal elements of Hy+eH,'. When resonance occurs the transforma-
tion is of such a character -that the first-order Hamiltonian, H,’, while it does not vanish, contains
only terms which would give rise to energy corrections that have vanishing dénominators. As in
Dennison’s method their contributions are determined by degenerate perturbation theory, and the
elements may be arranged about the principal diagonal in little boxes. It is readily verified by this
method that the diagonal elements are exactly the same as when no resonance exists except that they
contain no contribution with vanishing denominators.

The author wishes to acknowledge his indebtedness to Dr. Samuel Silver of the Radiation Labora-
tory at the Massachusetts Institute of Technology who has read this manuscript and verified many
of the relations included in it.

13'D. M. Dennison, Rev. Mod. Phys. 12, 175 (1940).



