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Hyperfine structures and the field effects of IBr molecule in its rovibronic ground state are theoretically studied by
diagonalizing the effective Hamiltonian matrix. Perturbations of high-J levels up to 4 are taken into account when studying
the hyperfine sub-levels of the J = 0 level, and thus, an 80 x 80 matrix is constructed and solved. Some of the experimentally
absent molecular constants are computed using Dalton program. Our results will be helpful in the experimental investigation

of manipulation and further cooling of cold IBr molecules.

Keywords: hyperfine structure, Zeeman effect, Stark effect, IBr molecule

PACS: 33.15.Pw, 32.60.+i

1. Introduction

Molecule hyperfine structure provides additional degrees
of freedom to manipulate cold molecules and new oppor-
tunities for sensitive probe of fundamental physics, and the
molecular hyperfine structures can be investigated via molec-
ular spectroscopy. However, the hyperfine shifts and sepa-
rations are so small that they are usually concealed in the
Doppler broadening due to the random thermal motion of the
molecules.

Owing to the development of the molecular cooling in the
past two decades!'! and the development of the laser single
mode techniques, the hyperfine structures of molecules can be
observed in laboratory precisely at present. Also the Zeeman
and Stark effects of the molecules at hyperfine levels can be
studied experimentally. Thus, the deduced field effects of the
molecules may help experimentalists to manipulate or even to
further cool cold molecules by means of the external magnetic
and/or electric fields.

Polar molecules, due to that their anisotropic and long-
range dipolar interactions add new ingredients to strongly cor-
related and collective quantum dynamics in many-body sys-
tems, are of great importance in the field of cold molecular
physics, and alkali molecules are achieved coldest molecules
so far. Therefore, heteronuclear (polar) alkali diatomic
molecules have attracted many attentions.®191 Degenerate
Fermi KRb ultracold molecules, associated from laser-cooled
atoms, were achieved in the group of Ye by using Feshbach
resonance followed by stimulated Raman adiabatic passage. [}
However, alkali heteronuclear molecules suffer from their
short lifetimes due to chemical reaction,[® which will un-
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doubtedly limit their applications in the field of cold molec-
ular physics. By contrast, heteronuclear halogen diatomic
molecules are chemically stable, and thus, their ultracold
molecules most probably have wider applications.!! =13 Thus,
the study of the hyperfine structures together with their Zee-
man and Stark effects of halogen diatomic molecules are es-
sential. It is worth noting that heteronuclear halogen diatomic
molecules could be slowed by our proposed near-resonant-
laser-assisted Stark deceleration scheme!'¥ to the equivalent
temperature at the order of microkelvin.

In addition, the electronic ground state of lodine mono-
bromide (IBr) is of !X symmetry, so that its ground state has
neither Zeeman nor Stark effect at rotational level. However,
it has both Zeeman and Stark effects at hyperfine level. So it
is a good candidate for studying field effect of the hyperfine
levels as well.

2. Theory
2.1. Hyperfine structure

The Hamiltonian of the IBr concerning its hyperfine
structure consists of electronic, vibrational, rotational, and hy-
perfine terms. When studying the vibronic ground state, the
first two parts can be treated as a constant.

The well-known rotational term is

Hyot = B,J* — D, J*J?, (1)

where B, and D, are the molecular rotational constant and its
first order distortion, and J is the molecular total angular mo-
mentum excluding nuclear spins.
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The hyperfine structures are caused by the interactions of
nuclear spins with the molecular total angular momentum ex-
cluding the nuclear spins (H;) and of the nuclear quadrupoles
with the gradients of the electric field of the electrons sur-
rounding at the nuclei (Hg). The two interactions can be writ-
ten as

Hy=C1,-J+GI,-J, 2
Hq =T () : T?(VE), 3)

where [; is the nuclear spin and i = 1 or 2 denotes iodine (I)
or bromine (Br) atom, and C; is the nuclear spin—molecular
rotation coupling constant and is expressed in Eqs. (1)-(3) in
Ref. [15], e is the charge of an electron, T (x) is the sec-
ond rank tensor, and Q and VE represent the nuclear electric
quadrupole and the gradient of the electric field of the elec-
trons surrounding at nuclei, respectively.

The second rank tensors of Q and VE are as follows:[!6]
T(Q) =Y R;C*(6,,9), )
P
1 e;
TO(VE) = ———Y —LC?(6;, ¢, 5
(VE) =~ ey 2 g2 (090, )

where R, is the position of the p-th proton in the nucleus, e;
is the charge of the i-th electron (—e) with position R; in the
remainder of the molecule, and C,(]l) (0,9) are related to Leg-
endre polynomial P;(cos 6;,).

The coupling sequence of the momenta is, F =L + F; =
L+ (J+1)). That is, the spin of I first couples with J to form
the intermediate momentum F| and then F; couples with the
spin of Br to form the molecular total angular momentum F'.
Therefore, the Hamiltonian matrices of IBr can be deduced

at the |I}JFiLF) basis employing Wigner—Eckart theory as

follows: [17-19]

(J'F{LF'| Hot LR L F)
= BJ(J+1)=DJ*(J+1)% (6)
(hJ'F{LF'|Hy | JF| LF)
(1/2)Ci[F(F+1)—L(L+1)—J(J+1)], (7)
(LJ'FILF'|Hyyy |hJF LF)
= (1/4)eQqi (— )"+ (27 4+ 1) (27 +1)]'/?
X{F{J’11}<J’2J><11 211>‘1 ®
2nJf\ooo)\-non)
(LJ'FILF'|Hyp |hJF LF)
_ (1/4)qu2<_1)F1+12+F+F{+J+J/+1]

X [(2J+1)(20' + 1) (2F, + 1)(2F] +1)]'/?
IFRF (LR
2R L[12JHR

72J\( b 2L\
X<000)<—12012> ’ ©)

with the selection rules of J' = J, (J+2) and F{ = F}, (F; £ 1),
(F1£2). Here, eQg; represents the nuclear electric quadrupole
constant and C; is too small to be set at 0, and { } and ( ) are
the Wigner 6-j and 3-j symbols, respectively.

2.2. Stark effect

Stark effect, due to the interaction of molecular electric
dipole (1) with an applied electric field (Ez) at Z axis, of the
hyperfine levels can be expressed as!'®

Hy=—T"(u) : TV (Ey), (10)

where T (x) is the first rank tensor. The molecular total an-
gular momentum F projects to Z axis to form projection quan-
tum number Mr in weak field limit. Therefore, the Hamil-
tonian matrices at the basis of |I[}JFiLFMF) can be written

aS[ISJ

(J'WF{LF My | Hy|J1 F L F Mp)

_ |4+ F4F' —Mp+2F +J+J +1; +1.
= nEz(-1) R

X [2F + 1)2F +1)(2J+1)(2J'+1)
X (2F 4 1)(2F] 4+ 1)'/?

« L F F LR J
1 F F [\{1JF
J1J F' 1 F
><(000)(—1\@01\@)’ an
with the selection rules of /' =J £ 1; F{ = Fj, (F; 1) and
F'=F,(F+1).

2.3. Zeeman effect

Zeeman effect, due to the interaction of the molecular
total angular momentum excluding nuclear spin and nuclear
spins with an applied magnetic field (Bz) at z axis, of the hy-
perfine levels can be expressed as!!°]

2
H, = —gunJ - B—Y giunIi- B(1—0y), (12)

i=1
where g; is the molecular rotational Landé g-factor, g; is the
nuclear g-factor, uy is the nuclear magnetic dipole, and o; is
the shielding coefficient of electrons surrounding to the nu-
clear spin. One can find the detailed expressions of g, and
o; as Eq. (1.36) in Ref. [20] and as Eqgs. (4)—(6) in Ref. [15],

respectively.

Similarly, the molecular total angular momentum F
projects to Z axis to form projection quantum number Mg in
weak field limit. Thus, the Hamiltonian matrices of the Zee-

man effect can be written as[!”]

(/'L F{LF'M};| - geund - BlJL FLLF M)
_ _5MF,M}grl~LNBZ(_ 1)FLM,’;+2F{+J+F+II +h+1
X [(2F +1)(2F' +1)(2F, + 1)(2F] + 1)]'/?

X [J(J+1)(27+1)]'/?
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" F " F! /
S T AT
<]’11F1/12F/M;:’ —giunh 'B(l . 0_1) |]11F112FMF>
= 7000 Byt 811 Bz(1 — 01)(=1)F ~Mpt HF Rl
X [(2F +1)(2F' +1)(2F; +1)(2F] +1)]'/?
x[n(h+1D)2n+ 1)
x{h F{J’}{F{F{IQ}( Pl >
1 F F 1 ML oM, )
(L FLF'M}| — gy B(1 — 63) I FLF M)
= _SMF,M;gZuNBZ(l - 62)(—1)F/7M1,F+F|’+F’+Iz+1

X [(2F +1)(2F' +1)(2F; + 1)) [ (I + 1) (2L +1)]/?
I, F F/ F' 1 F
SEI ST

where 04 p is the Kronecker delta, which represents the pertur-

(14)

bation selection rules.

3. Results and discussion
3.1. Hyperfine structure

The molecular constants needed to compute the hyper-
fine structure of IBr in its vibronic ground state are listed in

F, Value
Py
(a) _  3,3834.55
— 2, 3827.44

1, 3782.47
0, 3752.22

2979.34
3499.57
3491.14
3454.01
, 3061.84
, 2979.34
, 2909.55
, 2852.91

CO[\B»&)—‘V[\DOTOJ#

1, —15.92
4, —24.61
2, —31.36
3, —40.00

2.5

Table 1, and the nuclear spin—rotation coupling constant of
I atom is calculated employing the Dalton program.[?!l The
spin of I and Br (both °Br and 3'Br) atoms are 5/2 and 3/2,
respectively. Therefore, the hyperfine levels can be achieved
by diagonalizing the Hamiltonian matrices of Egs. (6)—(9), as
plotted in Fig. 1. The quantum numbers and values (in unit
MHz) of the levels are labeled as well. The assignment of the
hyperfine levels is accomplished according to their eigenvec-
tors. As evidenced in Fig. 1, the hyperfine structures of this
two isotopologues only differ in value while the patterns ap-
pear almost the same. Thus, only the field effects of I’°Br will
be stated in the following Subsection 3.2 and Subsection 3.3.

Table 1. Molecular constants (in units of MHz) of the vibronic ground
state of IBr.

1Br B'Br
B 1700.84269° 1674.97140°
D 0.0003057° 0.0002965°
eQq1 —2753.50% —2753.48°
eQqp: 696.85 582.05%
G 0.016¢ 0.014°

aRef. [22], PRef. [23], calculated employing dalton.

§a F, Value
(b)  3,3768.43
—————— 2, 3765.77

1, 3730.41
0, 3706.06

4, 3534.25
3, 3457.36
5, 3445.19
2, 3413.66
1, 2992.90

4, 2924.83
2, 2868.12
3, 2818.40

1, —17.52
4, —24.88
2, —30.61
3, —37.95

2.5

Fig. 1. Hyperfine levels (not scaled) of J = 0 and 1 states in the rovibronic ground state of I"Br (a) and I3'Br (b). The quantum numbers and

the levels’ values (in units of MHz) are labeled as well.

To verify our calculations, we try to predict the spectra
to compare with the experimental values'??! as listed in Ta-
ble 2. That the root-mean-squared error is 0.036 MHz, com-
pared with the 83 experimental data,*?! e.g., relative error of
about 1079, suggests that our methods are correct.

As described in Egs. (6)—(9), the rotationally perturbation
selection rule to hyperfine levels is AJ = 0, +2. Thus, the hy-
perfine levels of the J = O state are directly perturbed by the
J =2 state and indirectly perturbed by the J = 4 and higher ro-

tational states via intermediate states. Therefore, when study-

ing the hyperfine levels of the rotational ground state, higher
J states should be included in the Hamiltonian matrix. The
hyperfine levels’ relative corrections, defined as the perturba-
tion correction over the value of the level, of the J = O state
due to the perturbation of the J = 4 rotational state are listed
in Table 3. Due to the little corrections of the J = 4 state, the
perturbations of higher rotational states are neglected and thus
excluded in our Hamiltonian matrix. Therefore, the hyperfine
levels are obtained by diagonalizing an 80 x 80 Hamiltonian
matrix.

113301-3
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Table 2. Partial hyperfine spectra (in units of MHz) of the / =3 <— 2 in
the vobronic ground state of I7°Br.

F F Predicted Experimental (2?1 Error
9/2<-9/12 5¢-5 9597.756 9597.848 0.092
9/24-9/2 45 9633.260 9633.324 0.064
9/2<-9/2 44 9670.458 9670.518 0.060
9/2<-9/12 33 9683.204 9683.265 0.061
3/2¢-1/2 22 9925.105 9925.124 0.019
312¢172 241 9926.461 9926.481 0.020
312¢1/2 12 9938.519 9938.538 0.019
3/2¢-1/2 11 9939.880 9939.894 0.014
512¢-3/2 33 9954.308 9954.314 0.006
512312 11 9957.308 9957.312 0.004

Table 3. Relative corrections of the hyperfine levels when the perturba-
tion of J = 4 state is included.

F Relative correction
1 2.1x10712

2 —6.2x107°¢

3 2.9%107°

4 7.9%x107°

3.2. Stark effect

In weak field limit, the total angular momentum F' includ-
ing nuclear spin projects to the applied electric field at Z axis
to form projection quantum numbers Mg, where Mr =0, 1,.. .,
F. Besides, the electric dipole of the I"Br of the rovibronic
ground state is i = 0.737 Debye.>*! We find that the eigen-
vectors begin to show anomalous behavior when the applied
field increasing more than 1000 V/cm, which implies that the
angular momentum coupling sequence has become to change
and our method does not work anymore. Figure 2 plots the
Stark sublevels of the hyperfine levels varying with the applied
electric field up to 1000 V/cm. Evidently, the |J, Fi,F,Mp) =
|0,2.5,4,4) is perturbed downwards sharply at high electric
field, and is found that it is perturbed by the |1,2.5,4,4) level.

Energy (MHz)

—100 . ~

0 200 400 600 800
E (V/cm)

Fig. 2. Stark effects of the hyperfine levels of the rovibronic ground

state (J = 0, v =0, X'Z) of I”Br varying with the applied electric field.

The quantum numbers of F' and M are labeled as well.

1000

3.3. Zeeman effect

Similar to that in the electric field, the total molecular an-
gular momentum F’ projects to applied magnetic field to form

Mg, where Mp = —F,(—F +1),...,0,...,(F — 1), F. Zee-
man effect at the hyperfine levels comes from the interactions
of the rotational magnetic moment and the nuclear spins to
the applied magnetic field as expressed in Eq. (12). Nuclear
magnetic dipole is un = efi/(2Mp), where 7 is reduced Planck
constant, and Mp is the mass of a proton. Two g-factors and the
shielding coefficients are absent experimentally, and thus are
calculated with the Hatree—Fork method in the basis of Sadlej-
pVTZ employing the Dalton program.!>!! The calculation of
nuclear shieldings using London Atomic Orbitals®! to en-
sure fast basis set convergence and gauge origin independent
results. The natural connection is used in order to get numeri-
cally accurate results. By default, the center of mass is chosen
as gauge origin. The obtained parameters of I’Br are listed
in Table 4, and those (both of ours and literature20) of I33Cl
are also listed. The differences of the shielding coefficients
are due to the latest vision program we used while those of the
literature were obtained employing the previous vision. Nev-
ertheless, we calculate the sublevels using two set of shielding
coefficients and find that they only result in a relative error of
about 1074,

Table 4. Molecular parameters needed in the studying of Zeeman effect at
hyperfine level of I”Br and also those of I*Cl are listed for comparison.

Br ’>cCl
This work Ref. [26]

a1 1.13 1.13 1.12

gBr(Cl) 1.48 0.55 0.53

g -0.01 -0.23 -0.36

o1 (ppm) 2618 3521 4314

Ogr(c1) (PPm) 3828 3330 1658
un (J/T) 5.05%x 10727

Energy (MHz)

0 100 200 300 400 500
B (Gs)
Fig. 3. Zeeman effects of the hyperfine levels of the rovibronic ground
state (J = 0, v =0, X'Z) of I”’Br varying with the applied magnetic
field. The quantum numbers of ' and MF are labeled as well.
Consequently, the Zeeman sublevels of the hyperfine lev-
els can be achieved by diagonalizing the Hamiltonian matrices
of Egs. (13)—(15). Figure 3 plots the Zeeman sublevels varying
with the applied magnetic field up to 500 Gs (1 Gs=10"* T).
It shows that the splitting of the Zeeman sublevels decreases
with the increasing of F. Unlike those of ICI,*%! the Zee-
man sublevels with different My of I7°Br does not cross each

113301-4
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other due to large hyperfine separations. Thus, the perturba-
tions of the Zeeman sublevels do not apparently exhibit. How-
ever, when we get insight into the sublevels of the F = 3 level
as shown in Fig. 4, we can also observe the slight perturbations
of the sublevels due to their nonlinear responses to the applied
field, even that the |0,2.5,3,3) and |0,2.5,3,—3) levels are
slightly perturbed by the |0,2.5,4,3) and |0,2.5,4, —3) levels,
respectively. The perturbation selection rules are summarized
as: AJ=0,£1; AF; =0, £1; AF =0, £1; and AMr = 0.

—39.4 13

—39.6
—39.8
—40.0
—40.2
—40.4 ‘ i
—40.6 I~ 0

Energy (MHz)
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