Semiempirical calculations of P- and P, T-odd effects in diatomic molecules-

radicals
M. G. Kozlov

Leningrad Institute of Nuclear Physics, Academy of Sciences of the USSR

(Submitted 23 June 1985)

Zh. Eksp. Teor. Fiz. 89, 1933-1940 (December 1985)

A semiempirical method of computing the matrix elements of the P- and P, T-odd electron-

nucleus interaction operators for diatomic molecules-radicals is proposed. The molecular param-
eters entering into these matrix elements are extracted from the experimental data on the hyper-
fine and Zeeman structures of the electronic ground state of the molecules. The accuracy of such a
calculation is comparable to the accuracy of the calculations for the heavy atoms. The numerical
results given for the molecules BaF, HgH, and HgF confirm the earlier published estimates for the
magnitudes of the P- and P, T-odd effects. Thus, the outlook for the use of diatomic molecules-
radicals to study P- and P, T-odd interactions and, in particular, to measure the anapole moments

of heavy nuclei is made brighter.

1. INTRODUCTION

The effects of the nonconservation of spatial parity P, as
well as those of the simultaneous nonconservation of both
spatial Pand temporal T parities in diatomic molecules have
for a long time been the subject of discussion.'™® It was
shown in the very first investigations' that, in molecules-
radicals possessing a nonzero mean electron angular mo-
mentum, the P-, and P, T-odd interactions can mix the rota-
tional levels of one electronic term. The rotational-level
spacing is four to five orders of magnitude smaller than the
characteristic atomic-level spacing, and this leads to the en-
hancement of the P- and P, T-odd effects.

The interactions in question are described by single-
electron operators, and only electrons with uncompensated
spins contribute to their matrix elements. This made the P-
and P, T-odd effect calculations carried out in Refs. 4-6 for
metal-halogen type molecules, which have one unpaired
electron, possible. But model unpaired-electron wave func-
tions were used in these calculations, and there is no clear
indication of their accuracy.

We propose to use for the determination of the neces-
sary electron wave-function parameters the experimental
molecular-hyperfine-structure and electron-g-factor data.
This allows us in a number of cases to achieve an accuracy
comparable to that achieved in similar calculations for
atoms.”

For the sake of brevity, we limit ourselves to the consi-
deration of only two types of interaction: the P-odd interac-
tion Hp, stemming from the electromagnetic electron-nu-
clear anapole moment interaction>® and the P, T-odd
electron-nucleon neutral current interaction Hp, 7.>*° An-
other P, T-odd-interaction type that arises as a result of the
presence of P, T-odd nuclear forces is considered in Ref. 4.

The operators Hp and Hp ; have, in atomic units
(i=e=m=1), the form

G
Hp=—§%xplom(r), (1)

Goa
Hp,r=i?ZKp_T’Yo"{5n (r). (2)
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In these expressions G = 10~°/m?3 is the Fermi constant; a
is the fine-structure constant; a, ¥,, and 5 are the Dirac
matrices (@ = ¥,v); Lis the nuclear spin; n(r) is the nuclear
density normalized to unity; Z is the nuclear charge; », and
xp, r are dimensionless constants:

_ (__1) I+ ~1 (I+l/2)
- I(I+1)

P ay
(where x, is the anapole-moment constant defined in Ref. 8
and / is the orbital angular momentum of the valence nu-
cleon); and x, ; can be expressed in terms of the proton-
electron and neutron-electron interaction constants as fol-
lows:
A-Z ,

MP,T=%},;,T—F—_—Z %p,T
Most often, the ground state of a molecule having an odd
number of electrons is either the 22 or the 21, , state. It is
precisely these two cases that we consider below.

2. THE ELECTRONIC MATRIX ELEMENTS OF THE
OPERATORS H, AND H;, ;

It is well known that the matrix elements of H, and
H, ; must be computed with the Dirac wave functions,
since the Schrodinger wave functions approximate the Dirac
functions well only at points far from the nucleus. Therefore,
the molecular function should be constructed, using the rela-
tivistic atomic orbitals (AQ). It then turns out that the only
nonzero matrix elements are those connecting the ns,,, and
n'P,,, AO, for which the semiclassical approximation yields
the following expressions’:
iGaZR 27,1
ol flelpo="02"73
Ga*Z*R

‘——E/:n— YlkaklMP,T- (4)

kskixpjl, ( 3 )

<S‘/z| HP,Tlp‘/z>=
The matrix element (3) has not been integrated fully over
the angular variables: j is the electron angular-momentum

operator.
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The coefficients k; can be expressed in terms of the
charge Z.. of the atomic core (for an atom Z, = 1, while for
a positive ion Z. = 2) and the effective principal numbers
v

kizzc/ (Vi) le- ( 5 )

For the s electron i = s and for the P; electron i = 2j. The
relativistic factor R has the form

R=[2/T (2y,+1)]1%(2Zr,) -, (6)

where 7, is the nuclear radius and
Te=[(+2)*— (aZ)*]" (7N

The deviation of R from unity is due to the fact that the
relativistic and nonrelativistic functions on the nucleus are
different. For Z = 30 we have R~ 1.5, while for Z = 80
R~10.

Let us proceed to consider the molecular matrix ele-
ments of H, and Hp . We shall assume that there is only
one heavy atom in the molecule. Then because of the strong
dependence of these elements on Z, we can neglect the con-
tribution of the AO of the light atom. That part of the molec-
ular-function expansion which is of interest to us can be writ-
ten in the form

|@>=al|sy, @>—20b|py, ©>+c|py, 0, (8)

wherew = £ }isthe component of the electron angular mo-
mentum j along the axis of the molecule; |s, ,,, ) and |P;, w)
are the relativistic AO of the heavy atom; and a, b, and ¢ are
the expansion coefficients.

The function (8) does not possess a definite orbital-
angular-momentum component A along the axis of the mol-
ecule. But it may go over at points far from the nucleus into a
function having a definite A value. In this case ¢ =2'/2%b
when A =0 (i, for the 23 state), while a =0 and
c= —27"2p for |A| =1 (the I, state). The standard
spectroscopic selection rules are determined precisely by
this region, and therefore the use of the quantum number A
in their case is justified. In contrast, the quantum number A
cannot be used in the case of contact interactions of the Hp
or Hp  type.

The molecular matrix elements of Hp and Hp  can
easily be obtained from (3), (4), and (8):

(0’| Hp| 0> =—iW%p208.', -0’ |j|©>1, 9)
. G&*Z'R 24+

We=2(ak,) (bk,) &“.,—2—7‘—-1—, (10)
2%n 3

(0 |Hs, r|@>=Wp, s 1080', o (11)
Ga*Z*R

Wea=—2(ak.) (bk)) —s7— 1. (12)

In the case of the X states the rotational motion of the
molecule mixes the states | + w) (case b coupling). In this
case we should leave the eleétronic matrix elements unaver-
aged over the angular variables. Let us, taking account of the
fact that for a pure X state

(o'|jlo>=<o’|s|w>,
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rewrite the w-dependent parts of the expressions (9) and
(11) in the form of matrix elements of the spin operators:

206, o0’ |jl@>I=i 0’ |n[sXI] | 0>,
08., »=(0’|sXn|0?,

where n is the unit vector oriented along the axis of the mole-
cule. Omitting the averaging, we obtain

(Z|Hp|Z>=Wpexen[sX]I],
KZ!HP_ T|2>=Wp, ¥ p, TS,

(13)
(14)

The expression (13) coincides with the one obtained in Ref.
5.

3. LEVELS WITH OPPOSITE PARITIES

A. Molecules in the *3-state. Practically all the mole-
cules that have ?Z as their ground state pertain to Hund’s
case-b coupling, i.e., are described by the quantum numbers
A, S, and N, where N is the rotational angular momentum of
the molecule. The parity of the electronic-rotational level
(for the =+ terms) isp = ( — 1)¥, and the rotational ener-

gy
E,=BN(N+1).

Two types of coupling are possible in the case of heavy
molecules when we consider the nuclear spin 7 (Ref. 9):

case-b, coupling: J=N+S, F=J+1
case-by coupling: F,=1+S, F=F, +N.

The type of coupling is determined by the relation between
the isotropic hyperfine structure constant 4 and the spin-
doubling constant y, which respectively determine the spac-
ing of the levels with different F, and J.

The effective spin-rotation Hamiltonian describing the
two coupling cases can be written in the form

H,,=BN(N+1)+AIS+yNS. (15)

It is the eigenvalues of this Hamiltonian that determine the
separation of levels with opposite parities.

B. Molecules in the *I1, , state. Heavy molecules in the
211, ,, state pertain to a type of coupling that is intermediate
between Hund’s case a and case ¢ couplings. The rotational
Hamiltonian in this case has the form

H.=B(J-J°)*=B¥*—2BJJ+BJ*, (16)

where J¢ and J are the electron and total angular momenta.
This Hamiltonian is diagonal in the space of the functions®®

[IMop>=2-"(|0>|IMod>+(—1)"+p|—0> [IM—w), (17)

where |J, M, w) is the rotational wave function. The rota-
tional energy

E; y=BJ(J+1)+ (—1)"""p2BLo |/ |—w> (J+'/2), (18)
and the distance between levels with opposite parities"
A=E; _—E; ,=(—1)"t"4Blo|]¢|—w> (J+'/:). (19)
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4. SEMIEMPIRICAL WAVE FUNCTIONS OF MOLECULES

For many molecules with a 2% ground state the elec-
tronic wave functions are known from EPR-spectrum mea-
surements.'®"!* The point is that, for linear molecules, the
hyperfine structure constant 4 and the electronic g factors
are axillaly symmetric second-rank tensors. EPR allows us
to determine all the elements of these tensors. We thus ob-
tain six constants:

b b
Ay, AL AP, ALY g, 8L

where a and b number the nuclei. If we know the hyperfine
structure constants for the atoms forming the molecule, then
we can determine from the hyperfine structure four coeffi-
cients of the AO entering into the molecular wave function.
Since for the pure X state

g1=8.=g80=2.0023,

the g tensor carries information about the admixture of the I1
state by the spin-orbit interaction. This admixture leads to

the spin doubling, with'°
1=2B(go—g.). (20)

Let us compute 4 and 4, for the electron wave func-
tion (8). The hyperfine interaction operator has the form

20 [ooxe
Ha= 2% —[—] (21)
2m, r
where g, is the nuclear g factor. According to Ref. 14,
<SIHh/|S>=hSkSZIj, <pj|Hh!’pj>=h2jk2jZIj, (22)
, o Sy 1Y,
$puy @ | Hug| pray 0= (—1) "m0 +a , hy skikes g,
-0 q o
where
h5=s/3QR1, hzj= [2/3] (]+'1)] Qsz, 23
his=3""QR,;, Q=0’Zg,/2m,, (23)
while the relativistic R factors have the form
4j (j+4/,) G+ i -~
= AGH) GH1) 1’s=_4tsm(n(*{s 1:)) (24)

Y2j (4'Yzjz—1) '

The matrix elements of the operator H,, /, like those of
the operators H, and Hp, -, are proportional to the products
k; k ;; therefore, we can eliminate these factors, going over in
the expressions for the molecular functions from the coeffi-
cients attached to the AO to the following new parameters:

B=bk11 (25)

In so doing we not only make the computation of the k;
unnecessary, but also take account of a number of correc-
tions to the H), , matrix elements, which also enter into the
H, and Hp ; matrix elements.'>'®

Writing the H), -operator matrix in the subspace of the
functions | + @) in the standard form

n(aZ)?

a=ak,, y=ck,.

1
l Al 2 AL,
1 s (26)
—2ALL Al
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we obtain from (8), (22), and (25) the equations

oot =[5 (R:B*—5hsy*+ (°/5) "hy sBY) =4,
2hBE—hyyi—(%/3) "y spy =344,

(27)
(28)

where 4 = (4| + 24,)/3 is the isotropic hyperfine struc-
ture constantand 4, = (4 — 4, )/3is the dipole constant.

In the general case Egs. (27) and (28) are not sufficient
for the determination of the parameters a and S of interest to
us. For the pure 22 state

y=2"B (k4/k,) =2"pgq, (29)
and from (28) we obtain
2[hy—hyq*— (2/3") hy 5q] p*=34.. (30)

The admixture of IT states by the spin-orbit interaction de-
stroys the relation (29). If we neglect the contribution to the
wave function from the AO of the light atom, then the result-
ing correction to (30) can be expressed in terms of the quan-
tity'2 g, — g,. To do this, let us repalce Bby B + € in (29).
For (8) we obtain inthe first-order approximation in £

g1—go="4eb,
and, consequently,

v=2"[gptkiks(gL—80) [4B].
Then from Egs. (27) and (28) we obtain the following ex-
pressions:

e = St (ks + 370 shiks) (g, —g0)
2(hi—hsq*—2-3""hssq) '
a*=h," [A+'/; (hi—10h.q*+4-37" R, 3q) B*].

(31)

(32)

For the molecules considered below the spin-orbit cor-
rection changes the value of B by only 1-3%. Roughly the
same error is made when we replace ¢ by unity in the expres-
sion (31) and neglect the second term in (32). The smallness
of these corrections allows us to simplify the expressions
(31) and (32):

a’=A/h,,
Bzzs/zAd(hi'“ha_z . 3_‘/’h1,3) -1

(33)
(34)

The formulas (33) and (34) have a significant advantage
over (31) and (32), in that they do not contain the coeffi-
cients k;.

The expressions for the H, and Hp  matrix elements
contain the product af. The simplified formulas overesti-
mate it slightly, but the error does not exceed 10%.

For the pure II states, @ = 0, and, consequently, it is
necessary in their case to take account of the mixing with the
2 state. This means that all the three parameters in Egs. (27)
and (28) are independent parameters. We can, in much the
same way as we did above for the X states, derive a third
equation, using the experimental data'” on the Q doubling
(19) or the g-factor data. But in the general case such an
equation will contain two-center (?) integrals. Therefore,
the method described here is probably applicable only to
molecules with an ionic bond, for which molecules we can
neglect the contribution form the AO of the light atom. Such
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TABLE I. Molecular parameters of BaF, HgH, and HgF (in MHz).

&~

Molecules| B v A | A | &1 | 8L | @ B £ | & | Ref
137BaF 6471* | 833 2420 17,3 (2,001 | 1,995 |0,44(0.099 | 1,80 | —0,98| [11]
6480 81,03 2326 25 - - [0,43]012 212 | -1.15] [18]

199HpH 7 000} 400 0,341021 |18,0 |-134
161 600 * (64 300 * 1,976 | 1,828 [12]

201HgH 2610 200 0,381024 194 |—144

19HgF 22 127 | 247 0,7010,47 |259 |-193
- - 1,993 | 1,961 [13]

201HgF | 7858] 98 0,65(017 (239 [-17,8

*Data taken from Ref. 17.

a bond is most probably realized for molecules of the metal-
halogen type, such as PbF.!” This molecule is discussed in
Refs. 3 and 6.

5. NUMERICAL RESULTS

In Table I we present the necessary—for the computa-
tions—data that we could find in the literature. They all
pertain to molecules with a 22 ground state. With the excep-
tion of the data from Ref. 18, which reports the observation
of the free-molecule rotational spectrum, all the data were
obtained from the EPR spectra of molecules located in an
argon matrix. In the table we also present the results of the
computations of the parameters @ and £ and of the quanti-
ties Wp and Wy 1 (see (10) and (12)).

The spin-rotation spectrum of the molecules BaF and
HgH can easily be computed with the aid of the Hamiltonian
(15). As can be seen from a comparison of ¢ and 4, the first
of these molecules pertains to the case b coupling; the sec-
ond, to the case b, coupling.

The large hyperfine structure of the BaF molecules de-
creases the minimum separation of levels with opposite pari-
ties by an amount almost twice the decrease due to the rota-
tional splitting. In this case the closest levels turn out to be

separated by the interval
AE=E (N=1, F,=1, F="|,)
—E(N=0, F,=2, F=°/,)=8090 MHz. (35)

For these levels the magnitude of the P-odd admixture
is equal to

§=(Hp|AE=2.4-10" ixp<n[s, I]>. (36)

For the HgH molecule the minimum level separation

E(N=1, J=!/,, F)—E(N=0, J='/,, F)=2.6-10° MHz, (37)

and

8=7.2-10"%ixp< [n, s]I>. (38)
Unfortunately, the rotational constant for the HgF molecule
is not known, and this makes it impossible to obtain the mag-
nitude § of the admixture. Nevertheless, it is clear that the
AE obtaining here is of the order of, or smaller than, the
corresponding quantity for BaF. Thus, if we assume that
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B = 8000 MHz, then for **'HgF
E(N=1, F,=1, F=|,)—E (N=0, F,=2, F="/,)=300 MHz

(39)
and then

§=8-10"%ixp<n [sXI]>. (40)

To compute the P-odd effects in the spin-rotation tran-
sitions,’*?° we must know besides & the electric and magnet-
ic transition amplitudes. These amplitudes can be expressed
in terms of the electric dipole moment d of the nonrotating
molecule and the g tensor.

The magnitude of the P, T-odd correction to the energy
of a molecule located in an external electric field E is, accord-
ing to (14), given by an expression of the form

SE=Wj; {nJs, 41)

where the averaging of the vector n over the spin-rotation
state should be carried out with allowance for the hyperfine
structure. It is clear that (n) is a function of dE, and that it is
oriented along the field E. Thus, in both cases we must know
the quantity d.

CONCLUSION

The similarity between the matrix elements of the P-
and P, T-odd interaction operators and those of the hyper-
fine interaction operator enables us to compute the P- and P,
T-odd effects in diatomic molecules-radicals. The experi-
mental data required for this purpose can probably be ob-
tained directly in the course of an experiment on the observa-
tion of these effects.

It seems to us that molecules having a 2T ground state
are more suitable for the study of the parity nonconservation
effects. The calculations are simpler in their case than in the
case of the 2II states, since the spin-orbit mixing plays a sig-
nificantly greater role in the latter case. Furthermore, the *I1
states are, apparently, also less suitable for experiments on
the observation of the P-odd effects in spin-rotation transi-
tions. The point is that in their case, because the orbital and
spin angular momenta are antiparallel, the g factors are
small (in the nonrelativistic limit they are equal to zero).
Therefore, the magnetic transitions between the spin-rota-
tion levels are strongly inhibited, and their detection may be
difficult.
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The comparable magnitudes of the constants 4 and B in
the spin-rotation Hamiltonian for the molecules BaF and
HgF make the separation of levels with opposite parities still
smaller than the purely rotational separation. This leads to
further enhancement of the parity nonconservation effects.
An analogous situation obtains for the other similar mole-
cules.’

The author thanks L. N. Labzovskii, A. N. Moskalev,
V. A. Ryzhov, V. V. Flambaum, and I. B. Khriplovich for
useful discussions.

D Let us note that in the formulas (16)—-(19) J° is the angular momentum
in the center-of-mass system: J*=J¢,, =j+ [R, —R.,,, P], wherej
is the angular momentum for the motion relative to the nucleus and p is
the electron momentum. This circumstance can be important for mole-
cules with two heavy nuclei, when |R, —R_ |~1.
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