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Screening and enhancement of an oscillating electric field in molecules
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According to the Schiff theorem, the atomic electrons completely screen the atomic nucleus from an external
static electric field. However, this is not the case if the field is time dependent. Electronic orbitals in atoms
either shield the nucleus from an oscillating electric field when the frequency of the field is off the atomic
resonances or enhance this field when its frequency approaches an atomic transition energy. In molecules, not
only electronic but also rotational and vibrational states are responsible for the screening of oscillating electric
fields. As will be shown in this paper, the screening of a low-frequency field inside molecules is much weaker
than it appears in atoms owing to the molecular rovibrational states. We systematically study the screening
of oscillating electric fields inside diatomic molecules in different frequency regimes, i.e., when the field’s
frequency is either of the order of rovibrational or electronic transition frequencies. In the resonance case, we
demonstrate that the microwave-frequency electric field may be enhanced up to six orders in magnitude due
to rovibrational states. We also derive the general formulas for the screening and resonance enhancement of
oscillating electric field in polyatomic molecules. Possible applications of these results include nuclear electric

dipole moment measurements and stimulation of nuclear reactions by laser light.
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I. INTRODUCTION

It is well known that the standard model of elementary par-
ticles predicts small electric dipole moments (EDMs) for the
electron and nucleon; see, e.g., Refs. [1-3] for recent reviews.
Different extensions of SM such as axion or supersymmetry
predict, however, different values for the EDMs of elementary
particles. Therefore, it is a challenge for modern experimental
physics to measure the EDMs of the electron and neutron
in order to verify (or falsify) these models. Presently, there
are several groups pursuing this goal, although the sensitivity
of current experiments does not allow one to make firm
conclusions.

One of the difficulties encountered in measuring the EDMs
of nuclei in atoms and molecules is the screening of the
external electric field by the electron shells in these systems.
Indeed, according to a theorem by Schiff [4], the atomic
nucleus of a neutral atom is completely screened from any
static external electric field. EDMs of diamagnetic atoms are
produced by the interaction of electrons with the nuclear
Schiff moment [5-9]. For light atoms, atomic EDMs produced
by the Schiff moment are very small, while they appear
significant for heavy atomic species (~1073d,; d,, is the EDM
of neutron). Thus the electron screening makes the detection
of the nuclear EDMs difficult.

A possible way to overcome this difficulty is to use ions
instead of neutral atoms, where the screening of external fields
is incomplete [10]. However, since a charged particle is not
stationary in an electric field, it is problematic to preform
precise measurements on such a particle.
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The behavior of atoms in an oscillating electric field is
drastically different from that in the static case. It is natural to
expect that the screening of alternating electric field in atoms
and molecules is incomplete since the particles constituting
an atom or a molecule respond to the changes in the field
with some delay. Recently, it has been shown that when the
frequency of the external electric field is far from atomic
resonances, the resulting electric field at the center of an atom
is proportional to the dynamical atomic polarizability [11].
Numerical tests of these results were performed in Ref. [12].
However, when the frequency of the external field approaches
the energy of atomic transition, there may be a significant
enhancement (up to 10°) of the field [13].

The extension of the static Schiff theorem to molecules was
considered in Ref. [14]. The derivation therein used the Ehren-
fest theorem and resorted to classical mechanics to relate the
acceleration of each nucleus to that of the whole molecule.
Although this approach proved fruitful in the static case, it
becomes inefficient in the dynamic case since the classical
motion of a molecule in an oscillating field is itself difficult
to describe. This paper aims at developing a general and fully
quantum-mechanical method for computing the electric field
inside atoms and molecules which is applicable both for static
and oscillating electric fields.

Note that the quantum-mechanical description of
molecules has some important features as compared with
the atomic case. In molecules, it is necessary to separate the
relative motion of the constituent nuclei from the motion of
the common center of mass, while in atoms this separation is
not essential, i.e., the atomic nucleus may be considered as
fixed in space. This relative motion of the nuclei in a molecule
is described by the rotational and vibrational modes. As a
result, the molecular spectra appear to have a very rich

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.013430&domain=pdf&date_stamp=2019-01-23
https://doi.org/10.1103/PhysRevA.99.013430

H. B. TRAN TAN, V. V. FLAMBAUM, AND I. B. SAMSONOV

PHYSICAL REVIEW A 99, 013430 (2019)

structure with rotational, vibrational, and electronic states.
As will be shown in this paper, these states give rise to new
terms in the formula for the resulting electric field in the
molecule as compared with the atomic case studied in [11].
All these new terms play an important role in the screening of
the external electric field in molecules.

The rest of this paper is organized as follows. In Sec. II,
the problem of calculating the field at the nuclei in a diatomic
molecule in an external electric field is discussed. The cases
of a static field, of an oscillating field off resonance with the
molecular transitions, and of an oscillating field on resonance
with a molecular transition will be examined. In Sec. III,
we will consider examples of some diatomic molecules and
present the estimates of screening and resonance enhancement
of electric field at nuclei. Section IV is devoted to the general-
ization of the diatomic-molecule case to systems of arbitrary
number of nuclei. Section V contains a summary of the results
and discussion of their potential application.

Throughout this paper, we employ the atomic units in
which i = e = m, = 4m¢p = 1. This makes the intermediate
formulas more compact. The final results, for convenience,
will be presented in arbitrary units with all fundamental
constants given explicitly.

II. SCREENING OF ELECTRIC FIELD IN
DIATOMIC MOLECULES

In this section, we derive the general formulas for the
screening of both static and alternating external electric fields
inside diatomic molecules. To make our presentation self-
consistent, we begin with a review of the molecular Hamil-
tonian in the center-of-mass coordinates frame.

A. Diatomic molecule Hamiltonian in the center-of-mass frame

Consider a diatomic molecule with L electrons in an ex-
ternal electric field E.. Let M; and Z; be the masses and
charges of the nuclei, respectively (the subscript I = 1, 2 la-
bels the nuclei). The position and momentum operators of the
nuclei in the laboratory frame will be denoted by R; and P,
respectively. The electron positions and momenta operators
will be denoted by r; and p; (the subscripti =1, ..., L labels
the electrons).

The Hamiltonian of the diatomic molecule in the labora-
tory frame has the standard form

Huo = K + Vo +V, (1a)
P? p

K=——+— ! 1b

et Z (Ib)

i=1

_ 2122 _ Z ( >
Ri> , Ry Ry

i= i<j

Z— (1o)

Tij

L
V = —Eey - <21R1 + ZR; — Zr,), (1d)

i=1

where R],‘ = |R1 — I','l, Fij = |I',' — l'j|, and R]j = |R1 — Rj|
Recall that we are using the atomic unit system in which e =
m, = 1. Here, for simplicity, we consider the nonrelativistic
Hamiltonian for spinless particles.

It is convenient to define the total nuclear mass My =
M + M;, the total nuclear charge Zy = Z; + Z,, the to-
tal molecular mass My = My + L, and the total molecular
charge Zry = Zy — L (Zr = 0 for a neutral molecule).

To separate the molecule’s center-of-mass motion from the
relative dynamics of the electrons and nuclei, we perform the
change of variables (R;, r;) = (S7, S, s;)

1
Sr = M <M1R1 + MR, + ZZ;IU)
S =R; — Ry,
MiR; + M>R,
My

where St is the position operator of the molecular center of
mass, S defines the molecular axis, and s; are the positions of
the electrons with respect to the nuclear center of mass.

The conjugated momenta of the coordinates (S7, S, s;) will
be denoted by (Qr, Q, q;). These momenta are related to the
original momenta (P;, p;) via

S =1r; —

; 2

L
M, ! M,

P =LY g (- Mo,

1 My i=1(l ( )Q+MTQT

1
i = qi —_— . 3
p Q+MTQT 3)

The change of variables (2) and (3) in the Hamiltonian (1)
allows us to isolate the dynamics of the center of mass from
the relative motion,

Hmol = HT + Hre]a (4)
where
Q7
Hr = —Z7Ee - S 5
T M7 T Bext - OT )

is the center-of-mass Hamiltonian and H, is the Hamiltonian
describing the relative dynamics

Hie) = Hy + Vi, (6a)
L
q; q.49;
Hy = — 4+ VW, 6b
0 ; 2 Z i NG
Vrel =V + ZT ext * ST =-d- Eext- (60)
Here
MM, My
= s = 7
MUN My He 1+ My @)

are the reduced nuclear and electron masses, respectively, and
d is the electric dipole moment with respect to the molecular
center of mass,

L
d=—0) si+S. ®)

i=1
Here we introduced the notations for the reduced electron
charge ¢, and reduced nuclear charge ¢y:

My + Zy
e = ——0, 9
g My )
MyZ, — M\Z,
== - 10
In My (10)
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Note that the Hamiltonian (6) contains the potential V; defined
in Eq. (1c). Here it is assumed that this potential is expressed
in terms of the new variables S and s;.

We point out that this section presents no new results.
It only describes the standard change of variables in the
molecular Hamiltonian (1) which allows one to isolate the dy-
namics of the center of mass of the molecule from the relative
dynamics.

B. Screening of a static external electric field

Let us consider the screening of a static homogeneous
electric field E¢x, = E at the position R; of the /th nucleus.
The operator of the electric field induced by the other nucleus
and the electrons reads

1 i
E, = ——Vg Vo = ——[P;, Hy], 11
7 2 rR Vo ZI[ 1, Hol (11

where the Hamiltonian H), is given in Eq. (6).
Note that the Hamiltonian H, defined in Eq. (6) is inde-

pendent from the center-of-mass coordinate Sr. As a conse-
quence, [Qr, Hy] =0, and Eq. (11) may be put in the form

i
E} = __[HI’HOL (12)
Zy
where II; denotes the truncated momentum operator
L
M, M,
M =P-—1Qr=—(-1)Q-—-Y a. (13
My My ;

Using Egs. (8) and (9), one can prove the following com-
mutator relation between IT; and the potential V. given in
Eq. (6¢):

(1 - M’ZT)EO - —i[n,, —d-Eo]. (14)
MrZ; Z;
The composition of Egs. (12) and (14) yields
E + (1 - M’ZT>E0 — Ll Hal (5
MrZ; Z;

Let iy be a stationary-state wave function describing the
molecule in the center-of-mass frame, namely

Hrelw :Ew (16)

The expectation value of the commutator on the right-hand
side of Eq. (15) with respect to v vanishes. This allows us to
find the expectation value of the operator E; on the left-hand
side of Eq. (15), (E;) = (¢ |E;|¥), so the total electric field at
Ith nucleus (E;) is

M Zy
MrZ;

This result, derived in a fully quantum-mechanical way,
agrees with that obtained in Ref. [14] with the use of the
Ehrenfest theorem. Note that, for a neutral molecule, Z; = 0
so the nuclei are completely screened from the static external
field, (E;) = 0. In deriving this result we explicitly assumed
that the nuclei are pointlike particles. For real molecules,
this screening is incomplete due to the finite-size effects of
the nuclei which are accounted for by the Schiff moment

(Er) = (B;) + By =

E,. a7

operator [5-9]. In this paper, however, we do not consider
Schiff moment corrections.

C. Off-resonance screening of an oscillating
external electric field

We now consider the case of an oscillating external electric
field with frequency o'

Ecx. = Egcos wrt. (18)

When this field is sufficiently weak, the time-dependent per-
turbation theory may be applied to the Hamiltonian (6) with

Viel(t) = —d - Eg cos ot (19)

treated as the perturbation.
Let |n) be a complete set of eigenstates of the unperturbed
Hamiltonian Hy, namely

Ho|n) = &,|n). (20)

Up to the first order in perturbation theory, the evolution of
the ground state |0) is described by the wave function

Y(r)=e [|0> —iy / dt e"”’"ﬂ(">|n><n|vrel<r)|0>},

21

where w,0 = &, — &. In this formula, we assume that the
frequency of the external field w is not in resonance with any
transition with energy w,. In this case, it is safe to discard the
widths of these states. The resonant case will be addressed in
the next subsection.

Substituting the potential (19) into Eq. (21), we find the
expectation value of the operator E; describing the induced
electric field at the /th nucleus due to the other nucleus and
the electrons,

(Ep) = (vOIE |y (1)) =2 cos wt

wnRe(0[E7|n) (n]d - Eo|0)
n n

(22)

Making use of the identity (12), one may cast Eq. (22) in the
form

2 cos wt 3 w2 Im[(0|T1;|n) (n|d - Eo|0)]

2 _ .2
Z; W, — @

(E)) =

. (23)
where the operator II; is defined as in Eq. (13).
2 2
Using the identity wz“’j"wz = 1 + —“—;, the completeness
n0 n0
of the set of states |n), and the relation (15), we find the total
electric field at the position of /th nucleus

, M;Zr
(Er) = (E}) + Egcoswt = Eq cos wt
2]
2w? cos wt Im [{O|I1;|n)(n|d - Ey|0)]
. (24
+ Z; ; w?y — @? 24

'An oscillating electric field E.x, = E cos wt generates an oscillat-
ing magnetic field By, = By cos wr, where By is orthogonal to E.
This field, however, does not contribute to the resulting electric field
at nuclei due to the parity selection rules. Therefore, in what follows
we focus on the external electric field only.
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We point out that Eq. (24) is valid not only for the
Schrédinger Hamiltonian (6b), but also for the case when the
kinetic term for electrons is described by the Dirac Hamilto-
nian. In the latter case, the relativistic corrections due to the
Dirac equation are included in the energies w,o and states |n).

Using the explicit form of the Hamiltonian H, given
in Eq. (6), one may prove the following identity for the
operator (13):

iM;
II;, = — H 2
I CeMT[ d + M;S, Hyl, (25)
where
M= (D)'My —M; +Zy — Zp), (26)

and the quantities d and ¢, are given in Egs. (8) and (9),
respectively.

The identity (25) allows us to represent the formula (24)
for the resulting electric field at the /th as

2 -
(Er) = [M’ZT _ oM G ﬂz)}Eo coswi,  (27)

M7Z;  {MrZ;
where
< @Wno
oa=2 Z,,: m(0|d|n)(n|d|0) (28)

is the molecule’s polarizability tensor and

Br=2M; ) s OSIn) (nld[0).  (29)
0

n n

Equation (27) describes the screening of an oscillating elec-
tric field inside a diatomic molecule in the case when the
frequency of the field is off resonance from any molecular
transition. Let us discuss the terms in this formula.

The first term in the brackets has the same form as for the
screening of static electric field (17). This term is proportional
to the total charge of the molecule Zy which is vanishing for
neutral molecules.

The second term in the brackets is specified by the molec-
ular polarizability tensor . This term has the same structure
as that in the formula for screening of electric fields in atoms
derived in Ref. [11].

The last term in Eq. (27) is described by the tensor f;
defined in Eq. (29). This tensor depends on the matrix element
of the internuclear distance operator S, which has no analogy
in the atomic case. As we will show in the next section, this
term plays a significant role in the screening of the external
field in molecules. In fact, due to the large ratio of nuclear

and electron mass |M;| ~ (My — M;)/m, > 1, B, usually
dominates over &. As will be discussed in Sec. III B, if the
external field’s frequency is in the rotational or vibrational

regimes (1075-107% a.u.), then |731| > a. Only the case where
the field’s frequency is in the electronic transition regime

(~0.1 a.u.) that B, and o become comparable.
In conclusion of this section, we rewrite our results
27)-(29) with the fundamental constants 7, e, and m,

explicitly shown:

k) = [ Mizr _ omeM o G e, Gow
= - o — exts a
! MrZ;  e*¢MrZ; ! '
« 22 “10__(01d]n) (n|d]0) (30b)
o= — —— n)\n .
h 4 wly — @?
< 2My — @n0{0leS|n) (n]d|0)
B == > . , (30c)

_ 2
- Wiy — W

where  M; = (—D[m;'(My — M)+ 2Zy —Z1), &=

L
M (My + m,Zy), andd = —C,e Y s; + LyeS.
i=1
Since m, < Mj, one can make the (good) approximations
Lo~ 1, My = —-My/m,, My ~ M/m,, and My ~ My. Note
that, with these approximations, the final term in the bracket
in Eq. (30a) may be written as

o’mM; < 2=D'o’uy
ezgeMTZ] ! ethI
.0(0]eS d|o
5 Zwo< leS|n)(n|d]0)

, 31
,1 Wy — @7 D

where py is the reduced nuclear mass defined in Eq. (7).

D. Resonance enhancement of an oscillating
external electric field

When the frequency of the external electric field (18)
approaches one of the molecular transition frequencies, @ =
w0, the width of this state I',, cannot be ignored in perturba-
tive calculations. In this case, the wave function (21) should
be modified to read

U(t) = efigoz |:|0> _ iZ/’(drei(wkoirk/z)(zr)
k

X |k><k|Vrel(7)|O>):|~ (32)

Using the explicit form of the potential (19), we find the
expectation value of the operator E; describing the electric
field at the /th nucleus induced by the electrons and the other
nucleus

(E}) = Z |:— cos(wt) fr(w) + % sin(a)t)gk(a))j|

k
x Re(O|E, k) (k| — d - Ey[0), (33)
where
_ Wk + 0
O = et oy — /27
Wiy — W
, 34
T o —wP — (Ti/22 (34)
1

8 = e ¥ @) — (Te/2R

— ! . (34b)

(oo — w)? — (T'k/2)?
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Note that, in Eq. (33), we keep only the terms which are not
suppressed by the small factor e~ '+/2,

It is natural to assume that all linewidths I'; are much
smaller than the corresponding energies, ['y < wyo. Under
this assumption, the leading term in the functions f;(w) and
gi() are

12w, k=n,

filw) = {zwko/(w,fo —w). ks (35a)
—4/1*,2!, k =n,

sule) = {—4a)koa)/(a),fo —w?)’, k#n (330)

Substituting these functions into Eq. (33) and using the
identity (12), we find the total field at the /th nucleus (E;) =
Ej cos(wt) + (E}),

M;Zr 2w? cos wt
Egcoswt + —

MTZ1 ZI
Im[(O|II;|k){k|d - E¢|O

sz[(|1|><| 010)]

2 _ 2
Wi w

(Ep) =

ksn

3 cos wt
27,

2w sin wt
zZiT,

In deriving this result, we have employed the identity (14) and
taken into account the completeness of the set of states |k).

Different terms in the expression (36) play different roles
in the screening or resonant enhancement of the electric
field at the /th nucleus in the molecule. Let us discuss them
separately.

The term in the first line of Eq. (36) is present only for
charged molecules with Zy # 0. In the rest of this subsection
we consider neutral molecules for which this term vanishes.

The term in the second line is responsible for the screening
of the external field due to the states which are off resonance
with frequency w. Strictly speaking, this term cannot be ex-
pressed via the tensors (30b) and (30c) since the sum does not
contain the state |n), which is on resonance with the external
field.

The terms in the last two lines arise from this state |n),
which is in resonance with the external field. Between these
terms, the last one dominates because the width is typically
much smaller than the energy, I',, < w. Moreover, if |n) is a
rotational or vibrational state, then I',, is typically very small
and the factor w/T", in the last term of Eq. (36) causes it to
dominate over all other terms. We can thus write (with the
constant ¢ and m, restored)

Im[(O]I;|n) (n|d - Eo[0)]

Im[(O]I;|n)(n|d - Eol0)].  (36)

o*mM; -
E)) ~ ————y,Egsinort, 37
(Ep) CeZM, T, Vs e (37

where we have introduced the tensor
¥: = 2(0[d|n)(n|d|0) — 2M;(0[S|n)(n|d]0).  (38)

In deriving Eq. (37) we applied the identity (25).
The electric field at the /th nucleus (37) has the following
features. (i) The external field may be enhanced by many

orders of magnitude due to the resonance factor w/T". (ii) The
phase of the resulting field is shifted by 7 /2 with respect to
the applied field. This is a typical resonance phase shift which
occurs in damped driven oscillations. Both these features are
already known for an atom in an oscillating electric field [13].
Here we establish similar results for molecules.

We note that, although in the resonance case, the external
field may be significantly enhanced thanks to the smallness of
the width I, it certainly does not mean that one can induce an
arbitrarily large field at a nucleus by using an arbitrarily strong
external field. This is because for strong fields, perturbation
theory, in the framework of which the results of this section
were derived, breaks down. The condition for the applicability
of perturbation theory reads

Q«LTIy, (39

where Q2 = [(0]|d - Eg|n)| is the Rabi frequency (see Ref. [13]
for more detail).

If the condition 2 <« I';, is not met, then (E;) may be
calculated nonperturbatively by considering the states |0) and
|n) as forming a two-level quantum system. The result is

a)zmeM, r,
é'EEZZ]MT F% +2Q

(E;) ~ >¥,Eosinor. (40)

We note that, for the weak external field E; such that
Q « Ty, Eq. (40) reduces to Eq. (37) derived perturbatively.
For a strong external field such that € > I',, the resulting
electric field at nucleus (E;) becomes inversely proportional
to the applied field E.

According to Eq. (40), the field (Ey), considered as a
function of Ej, reaches its maximum at

Ly
V2d’
where d = |(0|d - k|n)|. Here, Kk is the unit vector in the direc-

tion of Eg. The maximal value of E; = |(Ey)|, corresponding
to By = Egrit, 18

EO = Eui = (41)

a)zmeMl

max ~_

~ W|;,R| sin wt. 42)
e 1VIT

It is important to note that this field is independent of the width
of the excited state I',,.

III. NUMERICAL ESTIMATES FOR
DIATOMIC MOLECULES

In this section, the screening of an electric field in some di-
atomic molecules will be considered. To find the total electric
field at the Ith nucleus (27), one needs to evaluate the tensors

a, B, and ;, given in Egs. (28), (29), and (38). In general, to
accurately compute these tensors one needs to apply sophisti-
cated numerical methods. Our goal is, however, to give crude
semianalytic estimates of some leading contributions to these
tensors. For this purpose, we first develop a representation
of these tensors in the Born-Oppenheimer approximation and
then present numerical estimates for some simple molecules.
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A. Molecular polarizability in the
Born-Oppenheimer approximation

The leading contributions to the tensors (28), (29), and (38)
may be estimated in the Born-Oppenheimer approximation.
In this approximation, the motion of the molecule in any
state |n) may be separated into rotational, vibrational, and
electronic modes. The rotational motion is described by the
Wigner D matrix Dzjw a,(©) depending on the set of Euler
angles ® which describes the molecule’s orientation with
respect to the fixed laboratory frame (J, is the molecule’s total
angular momentum quantum number, M, is the projection of
this angular momentum onto the laboratory z axis, and A,
is the projection of the electronic angular momentum onto
the internuclear axis), whereas the vibrational and electronic
motions may be described by the ket |u,A,v,) (v, is the
vibrational quantum number which, generally, depends on J,,,
v, = v,(Jy), and u, denotes all other quantum numbers). We
write

2J,+ 1
82

where the coefficient /(2J, + 1)/87? is the normalization
constant for the Wigner D matrix. The ket |u,A,v,) is as-
sumed to be properly normalized.

The ket |, A, v,) may be considered as a wave function of
the molecule in the rotating frame. This wave function factor-
izes into the vibrational wlﬁfl"A"(S) and electronic ¢, 4, (S, s;)
parts,

n) = Dig,a, (©)litalh ). “3)

[nDnva) = ST (), a, (S, 80). (44)

In this representation, we ignore all spins of electrons and
nuclei. This approximation usually gives acceptable accuracy
for low rotational levels [15].

In literature, the polarizability tensor a is often calculated
in the frame rotating with the molecule (this frame is defined
with respect to the laboratory by the angular coordinates ®).
However, the external electric field is naturally defined with
respect to the laboratory frame. Thus one needs to express the
laboratory-frame components of the molecular polarizability
tensor via its rotating-frame components.

The spherical components of the vector d in the laboratory
(/) and rotating (r) frames will be denoted by d;l) and d;’)
(g = 0, £1), respectively. They are related to each other by
the formula [15]

dV’ =" (=1y""D, (©)d". 45)
q

This formula, together with Eq. (43) and the standard
identity for the Wigner D matrices [16,17],

52 / D}y, (©)D) (©)D};, (©)d©

(M JoojJ g J
-M p MJ\-A g A)

(46)

allows us to relate the laboratory-frame components of the
tensor (0|d|n)(n|d|0) to its rotating-frame components

(014" |n)(n|d "|0)
= 81)(/(2-]0 +D@2J, +1)

oo 1IN T 1 A
X
—M() p Mn _AO AO - An An
r 2
x (o ovoldy)_x |1tnAnvi)] ™. (47)

If the molecule is nonpolarized in the ground state, the
expression (47) should be averaged over the quantum number
M, and summed over the quantum number M,,. In this case,
the molecular polarizability tensor (28) has only the scalar part
o(w), namely

a(w) = a(w)l5x;3. (48)

Physically, this implies that the induced electric field in the
nonpolarized molecule can only be parallel to the external
electric field.

Without loss of generality, it may be assumed that the
external field E.y, is directed along the laboratory z axis. For
simplicity, it will also be assumed that the ground state is in
the ¥ (A = 0) configuration and has total angular momentum
Jo = 0 (this assumption forces My = 0 and J, = 1). Under
these assumptions, the only relevant component of the tensor
(47) is

0o 1 1y’
) ()
(01dy In) (n)d I0>=50Mn<o —A, An)

2 (49)

X | (/’LOZV0|dY}\” |MnAnvn)

where the vibrational quantum number vy corresponds to
the total momentum quantum number J = 0, whereas v, is
attributed to J = 1.

Substituting Eq. (49) into Eq. (28), we obtain the expres-
sion for the polarizability tensor in the laboratory frame via
the components of this tensor in the molecular (rotating) frame

a(w) = Lal(@) + 205 (@) + ol (@) + ol (@), (50)

where (x!l and océi are the parallel and perpendicular com-

ponents with respect to the molecular axis arising due to
electronic excitations; aﬂib and «/ are the terms originating
from the vibrational and rotational states. Explicitly, these
quantities read

za)no r 2
ah@)= Y " |(moZvoldy | Tv,)|", (5la)
M 7 o @no T @
2wy, - 2
@) =D ——— (o Zvold | luaTlv) [, (51b)
HnyVy T
26(),,() r 2
(@) = Y m|(ﬂozvo|dé)|l£02vn> . (lo)
VaFEvg M
Wyyv! r 2
(@) = ————| (o Bvoldy” | o Bvp) |, (51d)

VoV
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where the vibrational quantum numbers vy and v{, correspond
toJ = 0 and J = 1, respectively.

As we will show in the end of this section, the representa-
tion for the molecular polarizablity (50) appears useful, as the
values of the quantities (51) may be either easily calculated or
found in literature. Similar representations may be developed
for the tensors (29) and (38). Following the same procedure
as above, it is possible to prove that each of these tensors is
proportional to the unit matrix,

Bi@) = frlsas. V(@) = yi@)lss.  (52)
For the quantity f;(w) we find

M
Bi(w) = T’[ﬁﬂib(w) + Bl ()], (53)
where

I _ Wno
Byin(@) =2 Z WWOEVOISWOZUM

VaFEVo
x (oD vald” o Svo), (54a)
Bl () = 2“’—< SvolS oS vl
ot = o2 2 Mo Vo |9 24V
U()UU
x (o Zvhlds” o o). (54b)

In contrast to the quantities (28) and (29), there is no summa-
tion over states in the formula of the y tensor (38) since only
one pair of states is in resonance with the external field.

It is of interest to consider the external electric field
in resonance with the lowest rotational state. In this case,
we have

(@) = 2| (oBvoldg” oD va)|” — FM{paoEvolSlitoBv)
x (o Zvaldy” 1o T vo). (55)

| 2

In this formula, the second term on the right-hand side
dominates over the first one since |[M;| > 1,

yi(®) & =3 My (1o ZwolS|noEv,)
X (o valdy” 1o T vo). (56)

We point out, however, that the first term in Eq. (55) cannot
be ignored if the external electric field is in resonance with
electronic transitions in the molecule. In this case, the second
term in Eq. (55) vanishes so the sole contribution to y;(w)
comes from its first term.

B. Screening of the external electric field in
different frequency regimes

Recall that the molecular spectra have three typical fre-
quency scales: wy associated with the rotational transitions,
wyip associated with the vibrational transitions, and w,; associ-
ated with the electronic transitions. Normally, @, << wyip <
we. It is interesting to consider the screening of external elec-
tric fields with frequencies in these three different regimes.

As was shown in the previous subsection, the induced
electric field at the /th nucleus is parallel to the external
electric field. The magnitude of this field may be written as

E; = o;(w)E cos wt, &)

where the suppression factor oy is defined as

M[ZT a)2M1
MrZ;  {MrZ;

The first term here is @ independent and is nonvanishing
only for charged molecules. Although this term is important
in the total formula for the suppression factor, it is more
interesting to analyze the other terms in Eq. (58) which are
nonvanishing both for charged and neutral molecules and are
o dependent. Therefore, to the end of this subsection we will
restrict ourselves to the case Zr = 0. We will also work in the
limit m, < M; in which ¢, ~ 1, M; ~ (=1)!(My — M;), and
My =~ My.

(@) = Bi(@)].  (58)

or(w) =

1. Screening of rotational-range-frequency fields

Let us consider an external electric field with frequency
of order of the lowest rotational transition frequencies, w ~
Wy In this case, because the factor w,o/(wj, — ®) in
Eq. (28) scales as energy inverse, the dominant contribution
to o(w) comes from Eq. (51d) and the dominant contribution
to Bi(w) comes from Eq. (54b). Since the matrix elements
(oZvolS|poXvy) and (u02v0|dér)|p,02v6) are of the same
order, and since |M;| > 1, the dominant contribution to the
suppression factor (58) comes from S;(w). Thus the leading
contribution to the suppression factor (58) is given by the term
(54b), namely

20’y @Sd
rot ~ 1
o ()~ (=1) 37, m, (59)
where
_ 1
B = Wy, = 5 (60)
is the rotational energy with J = 1,
S = (o volS| o X vo) (61)
is the ground-state mean internuclear distance, and
d = (poTvoldy” 1o o) (62)

is the ground-state mean electric dipole (in the direction
of S). Note that we have invoked the rigid-rotor approximation
which allows us to replace v) by vy in the definition of §
and d. We have also made the approximation M; M; /Mt ~

(=D .

2. Screening of vibrational-range-frequency fields

In the case where w is of the order of a vibrational energy,
W ~ wyip, contributions to «(w) from a!l and oté; are negli-
gible, whereas the terms aﬂib and otr”()t are significant. In the
expression (53) for B;, both terms ,Bﬂib and B, contribute.
Again, since |M;| > 1, B; dominates over «. Thus, in this
case, the leading contributions to the suppression factor (58)
are

o1(®) = 0, (®) + 0" (), (63a)
. 2602/1/[\[ wnOS:n (d(y)‘)ll(]
b ~ 1 (] Yy
o)~ (-1 = ; prmpr e B
Vp7#Vo
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where @, S, and d are given in Egs. (60), (61), and (62),
respectively, and the quantities S)" and (dj) are defined by

So = (1o ZvolS| o vn) (64)
and
() = (roZvaldy” 1o o). (65)

The quantity 0,"‘((0) in Eq. (63a) is defined in Eq. (59).
Note, however, that since the field’s frequency, being in the vi-
brational regime, is much larger than the rotational frequency,
we have @‘z“i‘bz ~ —@®. As a result, this term 0% (w) becomes
independent of w.

The quantity S} may be roughly estimated assuming that
the vibrational mode is purely harmonic, i.e., vibrational
wave functions are harmonic-oscillator wave functions. The
operator dér) may be written as —Zle sl‘.‘ + ¢nS, where

Al
qluantlty (d’)”: may be approximated by
where f)° =

(LoZ| Y1, 5! |10 E). If one takes, approximately, fl0 ~ 6,
then the electronic part drops out when summed over all
v, # V. In this case, (d; )“j“ ~ ¢nS,0. Typically, S0 decreases
rapidly as v, increases. Thus only the term with v, = vy £ 1
makes a dominant contribution to the sum in Eq. (63).

is the projection of s; onto the molecular axis. The
—fi03! 4 Sy
= (v,,|v0) is the Franck-Condon factor and 3! =

3. Screening of electronic-range-frequency fields

In the case where w is of the order of an electronic energy,
® ~ w], the dominant contributions to the scalar polarizabil-
ity (50) come from the electronic terms (51a) and (51b). Due
to the factor M, the contribution S, to the suppression factor
(58) is also significant. Thus, in this case, we have

o) = a,el(a)) + 0, () + o/ (w), (662)

o' (@ )“—

M 1o L (@) + 205 (@), (66b)

3MnZ;
where the quantities @, S, d, Slﬁg, and (dg)zfj are as given in
Egs. (60)-(62), (64), and (65), respectively. We point out that
the expression (66b) is analogous to the screening factor for
the oscillating electric field in atoms found in [11].

The quantities o7 (w) and U,‘”b(w) are defined in Egs. (59)
and (63a), respectively. Note that just as in the vibrational
energy regime, here, 0/ (w) and 0,"°(w) is independent
of w.

4. Summary on different contributions to the screening coefficient

In the rotational energy regime (w ~ 107> a.u.), only o

given by Eq. (59) contributes to o;. As we move up to the
vibrational energy regime (w ~ 1073 a.u.), a,"ib(a)) defined
in Eq. (63b) becomes comparable to o/ and of', on the
other hand, is still neghglble In the electromc energy regime
(w ~ 0.1 au.), o from Eq. (66b) becomes comparable to
its rotational and V1brat10nal counterpart; now all three terms
contribute to o7.

In Fig. 1, we plot the behavior of the three quantities

o (w), a“b(a)) and o ¢l (w) as functions of frequency w. The
change in the 51gn1ﬁcance of these terms as one moves up the
frequency scale is clearly demonstrated.

Ia_mll |O_vib| ‘O’ell
I
107! :‘\ I\
-“,.// - o
1075 _ -7
1074 ~
107¢ 103 10- 0.001 0.010 0.100

w (a.u.)

FIG. 1. Comparison of the magnitudes of the three contributions
to o;: 0/, 0%, and of! in the CaF molecule. The frequency w is
presented in atomic units. For low frequency in the rotational regime,

o/ dominates. For frequency in the vibrational regime, both o/
and 0, contribute; o} is still negligible. For large frequency in the
electronic regime, each of the three terms is comparable to the other
two.

Note that each of the three plots shows a single resonance
(the spikes in the case of o/ and a}’ib the upward tail of
ofh) due to the applied appr0x1mat10ns In reality, o/ and
‘”b should have many more resonances. However, smce we
assumed that the molecule is in the ground state when the
external field is absent and the contribution to o} of all states
with vibrational quantum number large than 1 is negligible,
o/ and 0, each has, under these approximations, a single
resonance On the other hand, afl possesses many resonances
which we do not include in Fig. 1 (these resonances are at
frequencies higher than the range plotted in Fig. 1).

C. Resonance enhancement from the lowest rotational transition

In this subsection, we consider the resonance enhancement
of an oscillating electric field in a diatomic molecule by the
lowest rotational level. This case may be of interest for exper-
imental applications because the energy of this level is in the
microwave region and is thus quite accessible experimentally.

Since the y, tensor contains only the scalar part y; as in
Eq. (52), the formula (37) for the enhancement of the electric
field may by rewritten as

E; = ¢;(w)E sin wt, 67)
where ¢; denotes the enhancement factor,
2
w My,
glw)= ———. (68)
CeZ M T

When the frequency of the external field is equal to the
lowest rotational state frequency (60), w = @, the equation
(56) yields y; = —3(—1)'M,Sd, where § and d are given in
Egs. (61) and (62), respectively. The width of this transition
may be approximated by the electric-dipole one-photon decay
rate, I' & 2@®3d?. In this case, the enhancement factor (68)
reads (in the limit m, << M;)

unS
ZZ,wd '

=—(=1) (69)
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This factor gives a large enhancement of the electric field
owing to the small quantity @ in the denominator.

The formula (69) is applicable only for sufficiently weak
electric field, i.e., when the Rabi frequency 2 = (0|d - Eg|n)
satisfies the condition 2 <« I'. If this condition is not met, the
enhancement of the electric field is described by the nonper-
turbative formula (40). In this case, instead of Eq. (69) we
have a more general expression for the enhancement factor:

4/,LN(I)SSL_1
e =—(—1) —M—M———. 70
r=-D 7,(8a%d2 + 9EY) 70
Note that Eq. (70) reduces to Eq. (69) if £y < ®d.
According to Eq. (41), the magnitude of the induced field,
E;, reaches its maximum at £y = E.; = V8aid /3. The value
€7(Eit) 18 given by

unS
Eei) = —(—1) ——, 71
€1(Ecric) (=1 32,00 (71)
and the corresponding value of E; is
_23
P = —(— 1/ 22 (72)

327

Note that here, for simplicity, we have assumed that T, is
the natural width of the state |n). In reality, there may be other,
possibly larger, contributions to I';, such as Doppler width,
collison width, etc. Nevertheless, as proved in Eq. (42), the
formula (72) for E;"* has the same form regardless of which
I',, is assumed. The critical field Ey, however, depends linearly
onl,.

D. Numerical results

In this subsection, we present numerical estimates for the
suppression and enhancement factors o; and €; given by
Egs. (59), (63), (66), (69), and (70) for various frequency
regimes and different strengths of the external electric field.
These estimates will be given for some simple diatomic
molecules with well-studied polarizability properties: lithium
hydride (LiH), sodium hydride (NaH), boron fluorine (BF),
and calcium fluorine (CaF).

For our numerical estimates, we take the values of the
mean electric dipole parameter d from Refs. [18-20]. The
mean values of the internuclear distance S for the molecules
under consideration are available in the NIST database [21].
The quantity S} may be roughly estimated assuming that the
vibrational mode is purely harmonic. The quantity (d; ):0 is
approximately given by ¢yS,".

As noted above, the sums in Egs. (63) and (66) contain
effectively one term corresponding to vy = 0 and v,, = 1. The
values of the parallel 0‘31 and perpendicular o7 electronic po-
larizabilities for the molecules under inspection are presented
in Ref. [22].

For the estimates of the suppression factor o; we consider
three frequency regimes: low-frequency regime, where the
frequency of the external field is taken to be half of the
first rotational frequency, w = @/2; intermediate-frequency
regime with w = w,/2, where w, is the ground-state vibra-
tional constant; electronic-transition range @ X w.|, wWhere we;
is the lowest E'1 electronic transition frequency. The value

TABLE I. Estimates of the suppression factors for the electric
field on the lighter (o)) and heavier (0>) nuclei in the molecules
LiH, NaH, BF, and CaF. § is the ground-state mean internuclear
distance, d is the ground-state mean electric dipole, @ is the rigid-
rotor rotational energy with angular momentum 1, and w, is the
ground-state first vibrational constant. All quantities are presented
in atomic units. [For the convenience of unit conversion, we recall
that one atomic unit of length (Bohr) is equivalent to 0.529 A, one
atomic unit of electric dipole moment is equivalent to 0.393 Debye,
and one atomic unit of energy (Hartree) is equivalent to 27.21 eV,
6.58 x 10° GHz, or 2.19 x 10° cm™!. The suppression factors o ,
are, of course, dimensionless.]

S d w_s w€_3 w o 0,
(x107%)  (x1073)

LiH 3.0 -2.3 6.9 6.4 3.4x107° —0.17 0.06
3.2x107*  0.70 —0.23

0.12 0.37 0.20

NaH 3.6 —2.6 4.5 5.3 22%x107° —0.16 0.02
2.7x1073  0.51 —0.05

0.11 035 023
BF 24 04 1.4 6.4 7.0x107% 0.01 —0.004
3.2x107% —0.02 0.01

0.22 0.38 0.38
CaF 3.7 1.2 0.5 2.6 25x107° 0.01 —0.004
1.3x1073 —0.05 0.01

0.075 1.4 1.3

of w, may be found in the NIST database [21], while the
electronic-range frequency wy is available in Ref. [22].
Recall that the index I labels the nuclei in the diatomic
molecule. Without loss of generality we assume that 7 = 1
stands for the lighter nucleus while I = 2 for the heavier one.
The values of the suppression factors of the electric field at
these nuclei in different frequency regimes are presented in
Table I. The values of the enhancement factors €; are given in
Table II for a weak Ey < Ei: and strong Ey = Ej external
field in resonance with the first rotational level. Here E; =
V8@3d/3 is the value of the electric field Ey at which the
induced field E; reaches its maximum. Incidentally, E.;; also
serves as a rough marker above which the general formula

TABLE II. Estimates of the enhancement factors ¢; and ¢, in the
molecules LiH, NaH, BF, and CaF.

Ecri¢ €] €] Elmax
(V/cm) (Eo < Eit) (Eo = Ecrit) (V/cm)
LiH 3.7x1073 —1.5x 107 —7.7 x 10° —29x 10*
NaH 1.1x107? —2.7x 107 —1.4x 107 —1.5x 10*
BF 53x107° 5.5x 108 2.8 x 108 1.5x10°
CaF 7.3 x1077 1.1 x 10° 5.3 x 108 3.9 x 10?
Ecic € € Eémx
(V/cm) (Ey < Euit) (Ey = Eei) (V/cm)
LiH 3.7x107° 5.1 x 10° 2.6 x 10° 9.5 x 10°
NaH 1.1x1073 2.5 % 10° 1.2 x 10° 1.4 x 10
BF 53x107° —3.1x 108 —1.5x%x 108 —8.2 x 10?
CaF 7.3 x1077 —2.7x 108 —1.3x108 —9.6 x 10!
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(70) applies while under this value a simplified formula (69)
gives sufficient accuracy.

IV. SCREENING AND ENHANCEMENT OF ELECTRIC
FIELD IN POLYATOMIC MOLECULES

In this section, we derive the analogs of the equations
(27) and (40) for the screening and resonant enhancement of
alternating electric fields in polyatomic molecules.

A. Polyatomic molecule Hamiltonian in the
center-of-mass frame

In this subsection we consider the Hamiltonian of a poly-
atomic molecule in the center-of-mass frame. This subsection
contains no new results and serves mainly to specify the nota-
tion for the next subsection. For a more extensive discussion
of the separation of the nuclear and electronic motions in
molecules, see, for example, Ref. [23].

Consider a molecule composed of H (for “heavy”) nuclei
and L (for “light”) electrons in an external electric field Egy;.
The masses and charges of the nuclei will be denoted by
M; and Z;, respectively; the nuclear positions and momenta
operators are R; and Py, respectively. The electrons’ positions
and momenta are denoted by r; and p;, respectively. Here
we use capital letters I, J = 1, ..., H to label the nuclei, and
small letters are attributed to the electrons i, j =1, ..., L.

The Hamiltonian of a polyatomic molecule has the stan-
dard form

Hm0]=K+V()+V»

H L
V= —Ee (Z ZiR; — Zri), (73)

where R]] = |R[ — le, R]j = |R1 — I'j|, and rij = |I'i — I'j|.
In this Hamiltonian, we ignore all spins of particles.

Following the same steps as in the case of diatomic
molecules, Sec. IT A, we introduce the parameters of total
nuclear mass My = Zflzl M; and the total nuclear charges
Iy = Zflle]. The total molecular mass and charge are
My =My + L and Zy = Zy — L, respectively. Using these
notations, we perform a change of variables (R, r;) —
(St, Sy, s;) similar to Egs. (2):

H 1 L
HJ
Sr ;UN R, + 7 ;r (74a)
H
Si=> UJ/R, (U=1,....H-1, (74b)
J=1
1 H
S=T— > MR, (74c)

where Uy is an H x H invertible matrix whose bottom-row
elements have the form U’ = M;/My. The inverse of Uy is
denoted by Uy ! and has elements on the last column of the
form (Uy")'" = My /My.

The condition U/ = M;/Mr means that the vector S in
Eq. (74a) is the coordinate of the molecule’s center of mass.
The submatrix U/, with I,J =1,...,H — 1, in Eq. (74b)
specifies the relative coordinates of the nuclei in the center-
of-mass frame. Physical quantities, such as the (expectation
value of) total electric field at a nucleus in the molecule, must
be independent of Uy .

It should also be noted that the equation (74c) defines the
coordinates of electrons s; with respect to the nuclear center
of mass.

The conjugated momenta for the coordinates (Sr, Sy, s;)
are denoted by (Qr, Qy, q;). The original momenta P; and p;
may be expressed in terms of the new ones

1
i = i —_— N 75
pi=4q;+ MTQT (75a)
H-1 L
M; M;
P, =) UJQ - — i+ —OQr. 75b
1 ng v Qs MN;(I +MTQT (75b)

Upon this transformation the Hamiltonian (73) acquires the
form (4) with the center-of-mass Hamiltonian Hy given by
Eq. (5) and the relative motion Hamiltonian given by

Hrel = HO + ‘/1’617 (7621)
N R I 1
Hy=Y L A V! Vo,
0= 2 Tl Ty 2 )
i=1 i<j 1,J=1
(76b)
Viel = —d - Egy. (76¢)

Here . is the reduced electron mass (7) and ,u,](,' is the inverse
reduced nuclear mass H x H matrix with elements

H
N\ -
()" =D MUY U (77)
K=1
It is straightforward to show that ,u;,l has the following
properties:
_INH _\HI
() =) =0 d=1,....,H-1),

()™ = M5 (78)

The interaction potential (76¢c) involves the molecule’s
electric dipole moment d with respect to the center of mass
Sr. This EDM is described by the analog of Eq. (8),

L H-1
d=—0 ) si+) oS, (79)
i=1 I=1

where ¢, is the reduced electron charge (9) and ¢f, is the
reduced nuclear charge:

=S Uy"Y'z a=1..H-1D. @©0
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The representation (76) allows us to apply perturbation
theory with V. considered as a perturbation. The unperturbed
wave functions |n) are defined with respect to the Hamiltonian
Hy given in Eq. (76b), i.e., Hy|n) = &,|n). The evolution of
the ground state |0) shall be described by the wave function
(21) (in the off resonance case) or (32). We will use these
wave functions to find the expectation value of the operator
of electric field at the /th nucleus.

B. Off-resonance screening of an oscillating
external electric field

Let us assume that the frequency w of the oscillating elec-
tric field (18) is far from any molecular transition frequency
wno. When the magnitude of this field is sufficiently weak,
the time-dependent perturbation theory may be applied to
compute the expectation value of the operator of electric field
at the /th nucleus (11). This procedure is the same as presented
in Sec. II C. As a result, for the electric field at /th nucleus we
arrive at the same expression (24),

M;Zr 2w? cos wt
Eycoswt + —
MrZ; Z;
Im [(O|IT d-Ey|0
» Z m [(O[II;|n)(n| 0/0)]

2 2
Wy w

(Ep) =

, 1)

n

where II; is the truncated momentum operator of /th nucleus.
This operator is defined by the expression (75b) with the
center-of-mass term removed, namely

M H-1 M L

1 JI 1

0 =P —-—Qr=) UyQ-—-Y q (82
1 1 MT T — N NJ MN s

Using the expressions of the Hamiltonian Hy in Eq. (76b)
and molecular EDM operator (79), it is possible to show that
the operator (82) may be represented in the form

iM; =
W= |:—d + ;M”SJ, Ho:|, (83)
where
MY =l — My + 20Uy ") (84)

is a generalization of the quantity M, in Eq. (26).

Substituting Eq. (83) into Eq. (81), one finds that the
electric field at /th nucleus is given by the expression similar
to Eq. (27),

w2M1
LM77

M Zr
M+Z,

(E;) = [ (a — E,)}Eo cos wt, (85)

where a is the molecule’s polarizability tensor

< Wy
=2y - > (0ld|n)(n|d|0), (86)
n w}’lo —w
and /}1 is the polyatomic analog of the tensor (29),

H-1

Bi=2)" = (01 Y MYS ) uldi0).  (87)
J=1

n n0

We point out that the results (85)—(87) reduce to the analogous
results (27)—(29) for diatomic molecules given in Sec. IIC
upon the special choice of the matrix Uy = M} (%T _A}/Z ).

It is important to note that the value of the electric field at
nucleus (85) is independent of the choice of the matrix Uy in
Eq. (74). To demonstrate this, it is sufficient to prove that the
tensors (86) and (87) are independent of this matrix.

As follows from Egs. (75b) and (77), the Hamiltonian
(76b) is independent of the matrix Uy when expressed in
terms of the coordinates r; and R; and momenta p; and
P;. Thus the eigenstates |n) of this Hamiltonian are also
independent of the matrix Uy when expressed in terms of
the coordinates r; and R;. Taking into account Egs. (74b)
and (80) one can easily see that the molecular EDM (79)
is also independent of the matrix Uy in the coordinates r;
and R;. Since these coordinates are integrated out in the
matrix elements in Eq. (86), we conclude that the molecular
polarizability tensor e is independent of the choice of the
matrix Uy.

Using Eqs. (74b), (80), and (84) one may check the identity

M MIS; =Y (M) +Z)Ry — (My + Zy)R;. Thus
the quantity Z?;,l MUS; is independent of the matrix Uy in
the coordinates r; and R;. As a corollary, all matrix elements
in Eq. (87) are independent of the matrix Uy. This completes
the proof that the expression for the electric field at nucleus
(85) is independent of the choice of the matrix Uy.

The independence of the result (85) on Uy means that
one is free to define the relative nuclear coordinates in any
convenient way. Once a particular matrix Uy is chosen, one
can then solve for the states n and proceed to calculating the
fields as in Eq. (85). The results one obtains this way will be
the same as those obtained if some different Uy was chosen.

C. Resonance enhancement of an oscillating electric field

Let us now assume that the frequency of the external
electric field is in resonance with one of the molecular transi-
tion frequencies, w = wy, associated with some excited state
|n) with width [',,. Theoretically, due to the resonance, the
magnitude of the electric field at nucleus infinitely grows
with time if one discards the spontaneous decay rate of
the excited state. Physically, this field can grow only up to
the lifetime of the excited state, T = 1/T",. Therefore, the
resonance enhancement of the electric field in the molecule is
due to the factor 1/I",, which is large for lowest rotational and
vibrational states. The off-resonance states, however, provide
partial screening of the electric field in the same way as is
described in Sec. IID. We stress that Eq. (36) describing
the resonance enhancement of the electric field in diatomic
molecules holds for polyatomic molecules as well. Indeed, the
derivation of this equation is purely formal and is not limited
to the diatomic case.

Since the lowest rovibrational states in molecules possess
a very large lifetime, the resonance enhancement due to the
factor 1/T", becomes significantly larger than the screening
due to the off-resonance states. In this case, the electric field
is described by the analog of Eq. (37),

w*m,M;

W;,EO sin wt, (88)

(Ep) ~

013430-11



H. B. TRAN TAN, V. V. FLAMBAUM, AND I. B. SAMSONOV

PHYSICAL REVIEW A 99, 013430 (2019)

where the tensor y; reads now

H-1
yr =2(0ld|n) (n|d|0) — 2(0] )~ M"S,In)(n|d|0). (89)
J=1

Here M/ is given in Eq. (84).

We point out that the expression (88) for the enhancement
of the electric field at nucleus is valid for a weak external
field since it is obtained in perturbation theory. The condition
of the applicability of perturbation theory reads Q <« I'y,
where Q = |(0|d - Eg|n)| is the Rabi frequency. For a stronger
electric field one is to apply a more general formula derived
nonperturbatively in [13]:

w*m,M; r, -

E =
< 1) g“eezleT Frzz + 292}’

1 Eo sinowt. (90)

This formula has the same form as in the case of diatomic
molecules (40) except for the tensor ;, given by Eq. (89). As
aresult, the formulas for the critical field E.;; and the maximal
field E"* are the same as given in Eqs. (41) and (42) but with

¥, given by Eq. (89).

V. SUMMARY AND DISCUSSION

In this paper, we derived the general formulas for the
screening (30) and resonance enhancement (40) of an oscil-
lating electric field at a nucleus in a diatomic molecule.

The screening formula (30) applies when the frequency of
external electric field is far from any transition frequency in
the molecule. This formula may be considered, on the one
hand, as a generalization of the screening of a static electric
field in molecules [14] and, on the other hand, as an extension
of the screening formula of oscillating electric field in atoms
[11]. For molecules, the screening of electric field exhibits
some important features. Similar to the atomic case [11],

Eq. (30) contains the term with dynamical polarizability e.

However, there are extra terms (described by the tensor f) in
Eq. (30), which have no analogs in the atomic case.

To uncover the role of the new terms in Eq. (30), we consid-
ered the examples of some diatomic molecules in the electric
field in different frequency regimes. We found that when the
frequency of the electric field is of the order of the frequency

of rovibrational transitions in a molecule, the 8 tensor in
Eq. (30) gives dominant contribution to the resulting electric
field at nucleus since it is enhanced by the ratio M;/m,. This
parameter makes the screening of the low-frequency electric
field in molecules very different from that in atoms.

When the frequency of the external field approaches the
energies of electronic transitions, the contributions from both

tensors & and B become significant. Thus the molecules
exhibit different screening behavior in different frequency
ranges. The typical dependence on the frequency of different
contributions to the suppression coefficient is presented at
Fig. 1. In particular, the screening of the field in molecules in
the microwave regime appears not as strong as it is in atoms

[11]. The summary of suppression coefficients o; for some
molecules in various frequency regimes is given in Table 1.

When the frequency of the external electric field ap-
proaches one of the transition frequencies, the resonant ex-
cited state in the molecule is responsible for the linear-in-time
growth of the electric field at nucleus up to the lifetime of the
excited state. The off-resonant states, however, provide partial
screening of this electric field as is shown in Eq. (36). The
resonance enhancement may be up to the factor 10° due to a
small width of the state T, so it becomes dominating over the
suppression factors as in Eq. (37).

The advantage molecules have over atoms is that they
possess rovibrational states with energies in the microwave or
even radio-frequency region. These states in molecules typi-
cally have very narrow spectral lines that makes the resonance
enhancement of the oscillating electric field at nucleus very
large.

However, we caution the readers against using the res-
onance enhancement formula (37) for the electric field at
nucleus: since this result is derived within the perturbatie
approach, it is applicable only for sufficiently weak electric
field under the constraint (39). For a stronger electric field,
one should apply the nonperturbative formula (40) which was
derived in [13]. Physically, this formula tells us that even in
the resonance one cannot produce the electric field at nucleus
stronger than the Coulomb field inside the molecule. The
point of the perturbative formula (36) is that one can take
a very weak electric field in resonance with the molecular
transition to produce sufficiently large oscillating electric field
at nucleus. Some particular examples of such weak fields and
their amplification factors ¢, are presented in Table II.

Although our main results (30) and (40) are derived for
the case of diatomic molecules, we present a generalization of
these formulas to the polyatomic molecules in Sec. I'V.

The results of this paper may have various physical ap-
plications since they represent a way out from the shielding
of a static electric field at nucleus due to the Schiff theorem
[4]. In particular, it would be interesting to develop a tech-
nique for measuring nuclear EDM using an oscillating electric
field in resonance with molecular transition. Many diatomic
molecules possess €2 doubling of states with splitting of the
order of 100 MHz. Such molecules have already proved useful
for measuring electron’s EDM, see, e.g., Refs. [24-26]. One
can apply the electric field in resonance with this transition
to induce a large electric field at nucleus which may be used
to measure nuclear EDM. Another use of the results of this
paper may be related to application of laser beams to stimulate
nuclear transitions such as the neutron capture in the '*La
nucleus proposed in [27-29]. These issues deserve separate
studies.
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