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Stark effect of the hyperfine structure of ICl in its rovibronic ground
state: Towards further molecular cooling*
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Hyperfine structures of ICI in its vibronic ground state due to the nuclear spin and electric quadruple interactions are
determined by diagonalizing the effective Hamiltonian matrix. Furthermore, the Stark sub-levels are precisely determined
as well. The results are helpful for electro-static manipulation (trapping or further cooling) of cold ICl molecules. For
example, an electric field of 1000 V/cm can trap ICl molecules less than 637 uK in the lowest hyperfine level.
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1. Introduction

We know less about the hyperfine structures of molecules
than the rotational structures, because the hyperfine structures
are much more complicated and thus hard to model in the-
ory, and they are also hard to observe in experiment due to
Doppler broadening. However, thanks to the developments
of molecular cooling (see, for example, Stark deceleration
of chemically stable molecules,!!~*! diatomic alkali ultracold

(471 and direct laser cool-

molecules from laser-cooled atoms,
ing of molecules!® for details), single mode laser technique,
and optical comb technique, the molecular hyperfine structures
can be investigated precisely at present. Therefore, the experi-
mental data can verify and improve the theory, which makes it
possible to precisely study the weak interactions of the nuclear
spin and the nuclear electric quadruple moment with elec-
trons surrounding. In addition, the external field effects of the
molecular hyperfine structures can be observed and modeled
as well. Unique and complex molecular hyperfine structures
together with their external field effects provide many oppor-
tunities for sensitive probing of fundamental physics and for
related applications. External fields have been utilized to ma-
nipulate molecules at hyperfine level® and can be used for
further cooling cold molecules at about 10 mK to ultracold
molecules below 1 puK.!

The electronic ground state of the iodine chloride (ICI)
molecule is of !X symmetry, so its rotational structures have
neither Zeeman effect nor Stark effect. Its rotationally re-
solved spectra can be used as frequency standards for opti-
cal frequency calibration in the near infrared region instead
of the iodine spectra. The spins of 337Cl atoms are both
3/2 and the spin of 1271 atom is 5/2, and both atoms of ICI
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have relatively large electric quadruple moments, which re-
sult in complicated hyperfine structures. Therefore, ICl is a
good candidate to fully understand the hyperfine interactions.
Additionally, our recent study suggests that ICI can also be
Stark decelerated assisted by a laser beam to the temperature
of about 20 mK, which makes it possible to experimentally
study the hyperfine structures together with their external field
effects. The ICI molecule is the first diatomic molecule whose
pure rotational spectrum is investigated by microwave spec-
troscopy, and its molecular constants B. and . have been

10.1] Townes er al. obtained the nu-

accurately determined.!
clear electric quadruple moments, eQq; and eQg,, of the two
atoms of I*3CI by analyzing the microwave spectra.!!?] There-
after, Slotterback et al. fully analyzed the hyperfine spectrum
of 133C1,1"3! and Durand er al. determined the electric dipole
moment (u) of IC1.[14]

The hyperfine structures and their Stark effects of ICI in
the rovibronic ground state are studied theoretically by diag-
onalizing the Hamiltonian matrix in the present work. Our
results show that an electrostatic field can be employed for
trapping and further cooling of cold IC] molecules.

2. Theory

The Hamiltonian of a molecule in an electric field con-
sists of five parts: electron, vibration, rotation, hyperfine, and
Stark parts. When studying the structure of a rovibronic state,
the first two parts are constant and thus can be omitted in the

Hamiltonian, and then the Hamiltonian can be written as!!>-10]

H:Hr0t+th+HS7 (1)
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where
Hyo = ByJ* —D,J*J?, 2)
Hpr = Ho+ Hg
=2TY(Q): T?(VE)+C\ I, - T+ - J, (3)
Hy = =T () : TV (B). “

Equation (2) represents the rotational Hamiltonian, where
B, and D, are the rotational constant and its centrifugal
distortion,[!”! and J is the molecular total momentum ex-
cluding nuclear spins. Equation (3) represents the hyper-
fine Hamiltonian consisting of nuclear electric quadrupole—
electronic electric field gradient interaction and nuclear spin-
electronic orbital interaction, where e is the charge of an elec-
tron, T®(Q) and T?(V E) are the second-order tensors of
nuclear electric quadrupole and electronic electric field, re-
spectively, /1 and I, are the spins of I and Cl atoms, respec-
tively, and C; and C, are the nuclear spin—electronic rota-
tion interaction constants of I and C1 atoms, %191 respectively.
Equation (4) represents the Stark Hamiltonian, where T'(") (p)
and T<1)(E) are the first-order tensors of molecular electric
dipole and applied electric field, respectively.

In the weak field limit, J, I, Fi, b, F, and Mg are
good quantum numbers to describe the energy levels, and
the coupling sequences are F| = I} +J and F = F| + I,.
Therefore, the Hamiltonian matrices can be described in the
|JI\FiLFMF) basis as!29-22]

(WJFLF |H|LLJF L F)

= BJ(J+1)=D,J*(J+1), (5)
(hW'ALF [Hy |hJFLF)
1 ,
= Zqul(—1)’1+2f AT+ 1) 20 +1)]1/?
F J I J 2J no2n\"'
X{z 111}(000 norn) *©
with the selection rule of J' = J, J +2;
(LJ'F{LF |Hyo) |l JF L F)
1 ! !
— ZquZ(*l)Fl+12+F+FI+J+J +1
X [(20+1)(20' 4+ 1) (2F, + 1) (2F] +1)]'/?
JIF bF L FJ
2 F b 2 J R
J 2 L 2L\
X(ooo)(—bob) ! ™

with the selection rules of J' =J, J+£2 and F| = Fj, F; 1,
F, +£2; and

(W LF|Hg|LJF LF)
1

= ECl[F](F[-1-1)—11(11—|—1)—J(J—l—1)], (8)

where symbol { } is 6-j symbol and () is 3-j symbol.

The Stark part of the Hamiltonian matrix is?*/

(J’IIFI’IZF’MF|HS \J11F112F’MF)
=u EZ(— 1 ) V+F+F' —Mp+2F+J+J' +11+1,

x[2F +1)(2F' +1)(2J +1)
% (20 + 1)(2F + 1) (2F] + 1))/

% L F F L F J
1 F F [\ 1 J F
J 1 J F' 1 F
X(OOO)(—MFOMF>’ ©)
with the selection rules of J'=J+1, F{ = F, Fy £1, and
F'=F, F+1.

3. Results and discussion
3.1. Hyperfine structures

The hyperfine structures of the vibronic ground state of
ICI are studied in this section. The spin of '*’T atom is 5/2,
and the spins of 3>37Cl atoms are both 3/2. As described in
Section 2, we diagonalize the Hamiltonian matrix on the basis
of [JI;FiLF) to obtain the hyperfine levels of J = 0 and 1 ro-
tational states. The molecular constants adopted in the present
calculation are listed in Table 1. Note that, C is small, which
contributes a little to the hyperfine structure, and C; is so small
that it is set to be O in our calculation. The results are plotted
in Fig. 1(a) for I**Cl and Fig. 1(b) for I*’Cl, and the quan-
tum numbers and the corresponding level energies (in MHz)
are labeled as well. The hyperfine structural differences of
these two isotopologues arise from their different nuclear elec-
tric quadruples and rotational constants. As shown in Fig. 1,
the hyperfine structures only differ a little in value, while the
level sequences are the same, so we only present the results
of the richer I>Cl isotopologue subsequently. To give a dis-
tinct picture of how they come, the levels are plotted in three
columns in Fig. 1: the first column represents the rotational
levels, the second represents the hyperfine levels only consid-
ering the contribution of I atom, and the third represents the
real hyperfine levels (also considering the contribution of Cl
atom). Here the assignments of the hyperfine energy levels are
based on their eigenvectors. To verify our method, we calcu-
late the hyperfine levels to compare with the experiments. [>3]
We find that all the calculations are in good agreement with the
experiments within 0.07 MHz and the overall standard error is
only 0.027 MHz.

Table 1. Molecular constant (in MHz) of the v= 0 level in the X' Z state
of P73l

»cl ’’cl
B, 3414.366(4) 3269.924(5)
eQq, -2927.87(11) -2927.87(15)
eQq, —85.84(15) —67.66(19)
C 0.019(6) 0.016(7)
G 0?)

)Set to be zero.
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Fig. 1. Hyperfine structures of J = 0 and 1 in the vibronic ground state of I**Cl (a) and I*’Cl (b); the quantum numbers and the

corresponding level energies are labeled as well.

3.2. Stark effects of the hyperfine structures

When the Stark interaction of Eq. (9) is included, the
Stark sub-levels can be computed by diagonalizing the Hamil-
tonian matrix. Figure 2 illustrates the Stark splitting of the
rovibronic ground state of I>3Cl at an applied electric field
of 1000 V/cm. The Stark effect arises from the interaction
of the nuclear electric quadruple with the external field. The
Stark sub-levels are labeled with quantum number My, where
Mp =0,1,...,F. The Stark sub-levels with different F are
mixed, and thus, we use two ways to assign the sub-levels:
one is assigning according to their eigenvectors, and the other
is studying their Stark shifts varying with the applied electric
field approaching to zero.

Figure 3 plots the Stark splitting of |[J =1, F; = 3.5,
F = 4) state varying with the applied electric field up to
1000 V/cm. It shows that the Stark shift of the sub-levels can
be either positive or negative. Thus, ICI can electrostatically
be trapped both in their strong-field-seeking state and in their
weak-field-seeking state at hyperfine level. For example, when
IClisat|J =0, Fi =0, F =1, Mp = 1) (the lowest hyperfine)
state, it can be trapped in the strong field region and the trap
depth can be as high as 637 uK at the field of 1000 V/cm.
Therefore, it is possible to construct an electric-optical trap
(EOT) for cold ICI three-dimensional (3D) trapping in its low-
est hyperfine level, which is illustrated in Fig. 4. Note that, the
laser frequency is red-detuning to the resonance of the trapped
molecular transition.
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Fig. 2. (color online) Stark splitting of the |/ =0, F; = 0, F) hyperfine levels
in the vibronic ground state of I**Cl at an applied electric field of 1000 V/cm.
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Fig. 3. (color online) Stark shifts of the |/ = 1, F; = 3.5, F = 4) hyper-
fine level in the vibronic ground state of I>>Cl varying with the applied
electric field.
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Fig. 4. (color online) Schematic of an electric-optical trap for cold
molecular trapping in its strong-field-seeking state, where the laser fre-
quency is red-detuning to the resonance of the trapped molecular tran-
sition.

Recently, we proposed a laser-assisted Stark deceleration
of ICl scheme, and it would most probably decelerate ICI to
the equivalent temperature of about 20 mK. Therefore, if we
trap and further cool the decelerated ICl via evaporation cool-
ing method® with this EOT, ultracold ICl molecules below
10 uK with large volume would be obtained.

4. Conclusion

The hyperfine levels of the J = 0 and 1 levels of the vi-
bronic ground state of I>37Cl are precisely determined by di-
agonalizing the effective Hamiltonian matrix at the basis of
|JI,FiLF), where the interactions due to nuclear magnetic
dipole and nuclear electric quadruple are both taken into ac-
count. Subsequently, the Stark sub-levels due to the interac-
tion of the nuclear electric quadruple with the external field

are studied by employing the Hamiltonian matrix at the ba-
sis of |[J[1F1LbFMF) both at the fixed applied electric field
of 1000 V/cm and at the applied field varying from O to
1000 V/cm. The results would be useful for electrical ma-
nipulation (trapping and further cooling) of ICI molecules at
hyperfine level.
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