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Accurate numerical methods are applied to the vibronic problem resulting from two inter-
acting intersecting harmonic curves. Two examples are considered, corresponding to either
degenerate or nondegenerate electronic states. The energies are obtained with (a) the zeroth-
order Born-Oppenheimer approximation; (b) the so~-called adiabatic approximation, which in-

cludes the diagonal corrections to (a); (c) the full vibronic procedure.

Several features in the

correlation diagrams giving the energies as a function of the configuration-interaction matrix
element are given an explanation. We also note that, in the model treated here, inclusion of
the diagonal corrections does not always lead to an improvement of the energies.

I. INTRODUCTION

There are various circumstances where it is
necessary to go beyond the usual Born-Oppenheim-
er (BO) approach for treating a system of elec-
trons and nuclei. For molecules with degenerate
or quasidegenerate electronic states, this may be
essential, since the near equality of electronic and
vibrational excitation energies may lead to a dy-
namic correlation between electrons and nuclei.
Examples are the Jahn-Teller! or pseudo-Jahn-
Teller? effect, the Renner effect,® the exciton-pho-
non coupling in dimers* and, more generally, in
molecular aggregates. 5 For normal molecules,
accurate calculations (say within cm™) are usually
done by including the so-called diagonal corrections
to the zeroth-order BO approximation.® This is
based on the implicit assumption that this way of
including the coupling between electrons and nuclei
(sometimes called the adiabatic approximation) will
produce better results than those of the zeroth-
order treatment. However, the range of validity
(if any) of this assumption is not clear (cf. for
instance the recent review by Hirschfelder and
Meath?).

Let us recall that for a system of electrons and
nuclei the total wave function may be written®

g, Q) =23 e, Axn(Q), (1)

where g and @ stand for the electronic and nuclear
coordinates, respectively, and the ¢,(q, @)’s are
the solutions of the electronic wave equation. The
variational principle applied to Eq. (1) leads for the
nuclear functions y,(Q) to the set of coupled equa-
tions

[Ty + Ep(Q) +Cou(Q) = W], (@) + Z) Coun(@)%x(Q) =0,
(2)

2

where Ty is the nuclear kinetic-energy operator,
E,(Q) is the electronic energy associated with
bnlg, @), W is the total energy, and the C,,(Q)’s
are the quantities (for m=#) or operators (for

m #n) which result from integration over electronic
coordinates. The so-called adiabatic nuclear func-
tions are the solutions of the decoupled equations

[Ty + En(@) + Crn(@1x24Q) = w*x22(Q),  (32)

while the zeroth-order BO nuclear functions obey

[Ty+ EL QDG (Q=Ww23%Q) .  (3b)

Going from (3b) to (3a) amounts to what is called
introducing the diagonal corrections. The C,,(Q)’s
depend critically on the inverse of differences be-
tween electronic energies. Thus, when the diag-
onal corrections obtained by including the C,,(@)’s
in the potential energies for the motion of nuclei
are appreciable, there may be also significant non-
adiabatic effects. A possible example of this situ-
ation is the first excited T} electronic state of the
hydrogen molecule. Kolos and Wolniewicz have
made a very careful study of this state.® Owing to
configuration interaction between two electronic
states with different equilibrium distances (David-
son'?), the potential energy for this state shows two
minima separated by a potential barrier of about
6000 cm™!. The other electronic state resulting
from the 2 X 2 configuration interaction is estimated
to be about 6000 cm™! above the top of the potential
barrier. The diagonal corrections to the potential
energy, due essentially to the nuclear kinetic-en-
ergy operator, are rather large for the lowest state
(about 450 cm™! near the critical internuclear dis-
tance corresponding to the smallest electronic
splitting). Thus, for levels which are not located
at the bottom of the wells, both adiabatic and non-
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adiabatic effects should be important. For such
levels, Kolos and Wolniewicz have found that the
zeroth-order energies are in fact better than the
adiabatic ones.

The only theorem!! at our disposal to relate the
energies deduced from the various approaches
concerns the ground state of a system of nuclei and
electrons: The zeroth-order BO energy is a lower
bound and the adiabatic energy an upper bound to
the exact ground-state energy. This is obviously
not sufficient to investigate the question raised
above. In order to get some more insight into this
problem, we have applied accurate numerical
methods to a simple model.

II. MODEL

We consider two electronic states ¢, and ¢, de-
pending on a single internal nuclear coordinate Q.
The two electronic energies are harmonic, of
force constant 2, with their minima at @ =+2, re-
spectively; the separation between the equilibrium
energies is noted as 2V (Fig. 1). Configuration in-
teraction is assumed to mix the two states. The
electronic problem is summarized by the set of
matrix elements:

(¢1(q, @)|Hoy| 01(q, Q)= (@ -2+ 2V,  (4a)

2V

-\ A Q

FIG. 1. Two harmonic electronic potential curves,
of same force constant, with minima centered at @
==X and @=+A, respectively, and with a vertical dis-
placement 2V,

(6200, Q)| Hor $ala, @)= 3£(Q+ 1), (4b)

<¢l(q’ Q)’Hell ¢2(q’ Q)>q: <¢2 (q1 Q)IHOII ¢I(q, Q)>q: v,
(4c)
where the subscript ¢ means integration only over

electronic coordinates. The mixing produces the
two states

¢*(q, Q)= ci(Q) ¢1(q, Q)+ c3(Q) p2(q, Q) (5)
with coefficients
ci(Q) = (v/V2){v?+ (rQX - V)?
= (kX = V)[(RQx - VP + oF}/2
c3(Q) == (v/V2){v®+ (kQx - V)? ©)

F (X = V)[(kQX - VP +22]}/2
ci(@)=-c3(Q), c(Q)=ci(Q).

The corresponding energies are
E*Q)= 3k %+ V4 3RQP £[(RQX - V)2 + 7] /2,

If we assume that v is a constant: For V=0, E*(Q)
is either a single-well or double-well potential for
v<kr? or v>Fk2%, while E*(Q) is always a single-
well potential.

The vibronic wave function (the exact function
within the model) can be written

¥g, Q)= ¢"(q, QX' (@)+ ¢(q, @ "(Q). (7)
We assume further that
Tydr1= 01Ty, Tyoa=pTy. (8)

Assumption (8) means that we would not expect the
BO approximation to break down if we had only one
of the electronic states. The consequenceis that the
adiabaticity of the electronic functions (5) resides
in the mixing coefficients which for small values
of » may vary rapidly with @ in the crossing region.
Ty is the nuclear kinetic operator corresponding
to the internal coordinate @,
s
N=— gw" 362 . (9)

We may mention at this point that the model is
defined not in order to make the problem tractable
(the methods used below to obtain the energies
could be applied to arbitrary potential curves with
a @-dependent configuration-interaction matrix
element) but to obtain the simplest case displaying
the essential features of the coupled equations (10).
With these assumptions, the two nuclear factors
X" (@) and x~ (Q) obey the two equations

[Ty +E* @)+ ci(Tyc}) + c3(Tycs) = W]x*(Q) +[C1+(TNCI)
2 - .
+¢3(Tycs) -—%—/1—( ct zi) +cy g; > %]x'(Qﬁ 0

(10a)
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and

2
[01 (Tyei)+ c5(Tyes) - M (Cl gZ) e 83(3) aQ] @
+[Ty+ E"@+ ¢i(Tyei)+ c3(Tyes) - Wh(Q)=0. (10D)

The limited-configuration-interaction calculation
leading to (5) is equivalent to replacing the elec-
tronic Schrédinger equation by a matrix equation

H-8=E¢, (11)

H being the matrix of elements glven by (4) The
two solutions are column vectors C* and C- obeying

H:8=E¢; H-T=EC". (12)

We have the following set of identities:

ac 9
-t > s>t _ >t .
Free gt ot L E
Q 9Q Q)
et Lpgegpegton. Lt Ml
P 9Q)
9 oOH
ety 9 e et O -y
=E7¢ gt g € (13)

Equation (13) can be rearranged as
9 oH
ot = &= + - 1t 951 e
&' 50 ¢ [E*(Q)-E~(Q)]¢ g (14)
This is very similar to the relation obtained with
the exact solutions of the electronic wave equa-

tion!?
<¢m "’%l ¢>n>q=[E,,(Q)—E,,,(Q)]" < m ¢,,>q.

In particular, (14) shows that the derivative of the
electronic function (a vector in our case) with re-

spect to a nuclear coordinate becomes large when

the electronic splitting is small for some value of

Q. Since this occurs at the crossing point @, when
v is small,

E'(Q,)-E(Q.)=2v. (15)
We may also write
.“a."+__'>+ 2+t . + "-("-1’__?_"+)
2Q c'= <c c)+c C an
. ,_f,_a_,*) 16
=& (c w0/ (16)

=+ | 2+ _a_"-
=¢ (c*-an>, (17)

the simplification occurring because of the normal-
ization of the vectors &*. Using (16) and (17) we
obtain, for instance,

= <5” 5% 5')<€'* °3% E*) ,» (18)

8cy Bc; wt O a9 [ay OC
cfan +cz-5é-=c“'———c‘:— to— (19)

Equations (18) and (19) are the counterpart in our
problem of the general relation for the exact elec-

tronic wave functions'?
¢K>< or| = >

(#] 3¢ > (*~ |5
* 30 <¢m > (20)

With the set of relations (14), (18), and (19), the
diagonal corrections and coupling operators of Eq.
(10) are easily obtained from the expressions (6)
for the mixing coefficients.

III. CALCULATIONS

We now present and comment on some calcula-
tions performed with the above model. In order to
make these calculations, we first of all introduce
the dimensionless parameters

=22\ h; B=v/hy;

B \1/2
R=Q/x with hv=h’<z) .

The equations for the adiabatic vibrational functions
x**(R) take the form

2 2,2
<- 3%5 * [(V—o;oife)%r FE " 4a(V+aR?)

+40[(V-2aRP+ g1 /2 - W) x**4(R)=0.

The * signs refer to the upper or lower potential
curves. The BO and adiabatic results are obtained
from a numerical integration of the Schrddinger
equation with the Cooley-Cashion program.!® The
nonadiabatic (or vibronic) energies are obtained
from a diagonalization procedure in a set of basis
functions associated with the electronic curves be-
fore decrossing.

We have studied the two following cases: (a)
degenerate situation (V=0) for @ =1 and a varying
B (the-energies are given in Fig. 2); (b) nondegen-
erate situation (2V=5hv) for @ =1 and a varying g
(the energies are given in Fig. 3).

On these two correlation diagrams the descending
curves give the energies associated with the lower
potential and the ascending curves, those of the up-
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FIG. 2. Correlation diagrams for
the zeroth-order BO (dashed curve),
adiabatic (dotted curve), and exact
vibronic (solid curve) energies,
when o =1 for the degenerate case
(V=0).

per potential. The full curves give the nonadiabatic
energies.

In both cases, adiabatic and nonadiabatic effects
vanish in the limit of a large coupling between elec-
tronic functions. Thus, for large j all three ap-
proaches lead to the same results. Table I gives
the six lowest energies for 8=1 in the degenerate
and nondegenerate cases. One may note the fol-
lowing: (i) The adiabatic energies do not always
lie between the corresponding BO and vibronic
levels. However, for the ground state we have Eg,
<E,,<E,y in accordance with Brattsev’s theorem.

Wi

B

(i) This order does not persist as we go to upper
levels but adiabatic energies remain above the cor-
responding BO energies. This may be proved with
the help of the Hellman-Feynman theorem. Let H*
be the Hamiltonian of the adiabatic approximation,
which can be written

H¥=HP%:2A, A=C*-T,C', »r=1.
A being positive everywhere, (A) is positive also.
Since this is 8E())/62, this latter quantity is an
increasing function of . Therefore, for all states
Efo< Ehy. (iii) As we go up in energy in case b
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FIG. 3. Correlation diagrams for the zeroth-order

BO (dashed curve), adiabatic (dotted curve), and exact
vibronic (solid curve) energies when a =1 for a nonde-
generated state (2V="5hv).

(Table I), the BO energies become better than the
adiabatic energies. This is reminiscent of the
situation for the first '} excited state of H,.°

(iv) A general rule concerns the adiabatic levels
belonging to the lower potential and which are be-
low a threshold corresponding to the lowest adiaba-
tic level of the upper potential: These levels are
always above the corresponding vibronic levels.
This can be demonstrated by noting that the vibronic
problem can be formulated as a configuration inter-
action calculation based on the adiabatic functions,
with off-diagonal elements only between the func-
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TABLE I. Energies at 8=1 for the six lowest states
in the degenerate case a, and the nondegenerate case b.
The origin corresponds to the zero-point energy of the
vibronic problem at zero coupling.

v Case a Case b

BO Ea Eyy Epo By Eyp
0 —-1.2789 --1,2398 ~1,2436 0.3834 0.3845 0.3842
1 -0.7375 --0.7182 -0,7316 1.3680 1.3712 1.3699
2 -0,0762 --0,0569 -0,0762 2.,3444 2.3535 2.3349
3 0.6256 0.6410 0.6144 3.3047 3.3271 3.3151
4 1.3595 1.3737 1.3418 4.2738 4.2782 4,2495
5 2,1154 2,1282 2.0887 5.,1094 5,1711 5,0965

tions belonging to the two different electronic states.
Therefore, all levels below the threshold are nec-
essarily pushed down.

IV. DETAILED DISCUSSION OF THE DEGENERATE CASE

The correlation diagrams for the degenerate case
present several special features which, although
probably of little practical interest, will now be
commented on and explained. The two interacting
potential curves are exchanged by the operating @
-~—@. This results in the vibronic levels at zero
coupling being degenerate by pairs. The adiabatic
levels are also degenerate by pairs and this is a
little less evident. Figure 4 shows the shape of the
diagonal correction (the same in both electronic
states) for @ =1 and various values of B. When B is
small, the correction is a sharp peak at Q=0. This
wall separates the two half-potentials for @ >0 or
@<0. The adiabatic vibrational functions which
are anyway either even or odd under the operation
Q@ - - @ become at the limit of zero coupling the
even and odd combinations of the vibrational func-
tions belonging to the half-potentials. These func-
tions do not overlap because of the presence of the
infinitely high barrier and therefore the two com-
binations have the same energy. This behavior was
checked very carefully numerically. We may men-
tion here that we disagree with Bierman who, in a
similar problem concerning the vibronic levels of
adimer, has stated that the adiabatic energies go
to the correct energies for a vanishingly small
coupling. "* Both kinds of levels show a twofold
degeneracy at zero coupling, but are definitely dif-
ferent.

Another remarkable fact in Fig. 2 is the degen-
eracy of the odd BO levels with the adiabatic levels
at B=0. This is due to the fact that the vanishing
of these BO functions at @=0 lead to a problem
with the boundary conditions which govern also the
adiabatic calculations.

The adiabatic corrections for different couplings
and different vibrationals quantum numbers are
given in Fig. 5 (odd levels) and Fig. 6 (even levels).
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£
hv n
204
FIG. 4. Diagonal corrections
Ctt. Ty C* for a =1 and different val-
ues of 8. The sharp and narrow
curve corresponds to 8=0,1; the
other curves correspond in de-
creasing order to 3=0,.6 and 8=1.1,
104 respectively.
-0.4V2 o} +04V2 R
We give now a succinct explanation for the various in the region of the potential barrier. For g large
regularities which are observed in these two dia- enough, an increase in quantum number v decreases
grams. the correction, since this reduces the amplitude of
The corrections for odd levels are systematically the wave function. For small $ there is a reverse
smaller than those for the even levels. This is effect which has a different origin for odd and even
related to the vanishing of the odd wave functions levels. For odd levels, the correction depends on
AE
hV
0.03A
0.02+
FIG. 5. Adiabatic correc-
tions AE (in Ay units) for
some odd levels (v =1, 3, 5,
001- 7) of the lower potential, as
g a function of 8, with @ =1,
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FIG. 6. Adiabatic corrections AE (in zv units) for
some even levels (v=0, 2, 4, 6) of the lower potential,
as a function of B, with o =1,

the slope of the wave function in the region of the
(now) narrow barrier, and this slope increases as
the quantum number » increases. For even levels,
the barrier produces a dip in the wave function
which is more pronounced the smaller the vibra-
tional quantum number.

Finally, Figs. 7 and 8 reproduce some of the
adiabatic vibrational functions associated with the
lower and upper potentials for f=0.3. Because of
the diagonal contribution, both potentials present
two wells. The two lowest even wave functions of
the lower potential and the lowest even function of
the upper potential already show the dip, which
when the barrier gets higher and narrower will be
present in all even functions.

V. CONCLUSIONS

Although based on a model, we think that the
prasent treatment has enough of the essential fea-
tures of a more realistic molecular calculation to
indicate that the so-~called adiabatic corrections are
misnamed, since it may happen that the simple
BO results are better than the adiabatic ones.
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FIG. 7. The
adabatic (solid
curves) and zeroth-
order BO lower
potentials (dashed
curve) for @ =1 and
B=0.3. The ener-
gy levels and wave
functions in the
figure are those
of the adiabatic

approximation.
V7 0 57 g
\/ |
% PL FIG. 8. The

adiabatic (solid
curves) and ze-
roth-order BO
upper potentials
(dashed curve)
for =1 and 8
=0,3. The en-
ergy levels and
wave functions
in the figure are
those of the adia-
batic approxima-
tion.
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Spin-exchange optical pumping has been used to measure the hyperfine pressure shift of
atomic nitrogen in helium, neon, and molecular nitrogen as a function of temperature. In
the range 70—-500°C, the change in pressure shift was linear with temperature, and the val-
ues were for helium, —(0,1+0,1)Xx10"; for neon, (0.6+0,1)X 10™%; and for molecular nitro-
gen, (1.4+0,3)X 1074 in units of Hz/Torr°C. The measurements also give A =10450929.4
+1,8 Hz for the free atom. The quadrupole interaction constant was also measured and found

to be independent of temperature and pressure.

When the hyperfine structure of an atom is mea-
sured in the presence of a buffer gas, small fre-
quency shifts are detected which depend essentially
linearly! on the buffer-gas pressure. Theoretical
attempts to understand these shifts indicate an ex-
pected dependence on the temperature of the buffer
gas as well as on the density. With the recently
discovered ability to optically pump over an extended
temperature range, % it is now possible to investigate
this aspect of the theory.

Recently we reported measurements of the tem-
perature dependence of the hyperfine pressure shift
of deuterium in helium.3 The present paper de-
scribes similar measurements made on atomic ni-
trogen in helium, neon, and molecular nitrogen.
Pressure shifts of atomic hydrogen (the isotopic
mass dependence of these shifts is negligible®) and
atomic nitrogen are of particular interest because
of the recent extensive theoretical calculations made
for them. 58

The experiment consisted of the measurement of
the hyperfine intervals of N at a variety of buffer-
gas pressures and temperatures. By extrapolating

The value was B=1,3+0.5 Hz.

to zero pressure, at fixed temperature, one is able
to infer the free-atom magnetic dipole (A) and elec-
tric quadrupole (B) interaction constants. Although
nitrogen would not be expected to have any ground-
state hyperfine structure to first order if LS coupling
were rigorously applicable, ” Heald and Beringer®
measured A to be 10.45+0.02 MHz. Numerous
measurements since then have confirmed and ex-
tended this value. ®~1*

The most recent theoretical’® attempt to under-
stand the dipole constant A, utilizing a many-body
technique, predicts 10.49+0.15 MHz. Core polar-
ization accounts for 5.7 MHz of this, and correlation
effects the remaining 4. 8 MHz. The reported mea-
surements using the maser!* also reported a value
of 1.3+0. 3 Hz for the quadrupole interaction con-
stant B. Prior to this measurement, Holloway,
Luscher, and Novick!? attempted to predict B. Their
calculation utilized only the 2P and the 2D levels in
addition to the %S ground state which can be con-
structed from the (1s)? (2s)? (2p)° configuration.
These levels are used in second-order perturbation
theory with the magnetic dipole perturbation to get



