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Molecular-beam optical Stark and Zeeman study of the A 2II-X 2X* (0,0) band system of BaF
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The A2IT — X 2X* (0,0) band system of barium monofluoride (BaF) has been recorded using high-resolution
laser-induced fluorescence spectroscopy both field-free and in the presence of static magnetic and electric fields.
The field-free spectra for the '3 BaF, '3’BaF, and '**BaF isotopologues were modeled to generate an improved
set of spectroscopic constants for the A 2IT(v = 0) and X >2X* (v = 0) states. The observed optical Stark shifts for
the '*¥BaF isotopologue were analyzed to produce the permanent electric dipole moments of 1.50(2) and 1.31(2)
D for the A %11, p(w=0)and A 2114 /2 (v =0) states, respectively. The observed optical Zeeman shifts for the
138BaF isotopologue were analyzed to produce a set of magnetic g factors for the A 2IT(v =0) and X 2Z+(v =0)

states.
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I. INTRODUCTION

There is renewed interest in measuring and predicting the
properties of barium monofluoride, BaF, because of its use
as a sensitive experimental venue for quantification of P- and
P,T-odd effects [1-9]. The determination of the electric dipole
moment (EDM) of the electron, d,, provides insight into the
violation of parity inversion symmetry (P) and time-reversal
invariance (7). Such effects are nuclear spin independent and
studies of both the even and odd BaF isotopologues are rele-
vant. The interaction of the nuclear anapole moment, a P-odd
magnetic moment induced by weak interactions within the nu-
cleus, with the spin of the penetrating electrons is a nuclear spin
dependent parity violation effect. This latter interaction can be
probed via studies of only the odd BaF isotopologues. The
effective Hamiltonian operator for the X 2% electronic state
of BaF, including the parity non-conservation (PNC) relevant
terms, is [1,9]:

H®(%) = BN> + yN-S+b;I-S

4121 — 1)
+ Waksn xI-S+ (Wekg + Wyd,)S - n, (D)

1 31, — I?
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where N is the angular momentum operator excluding elec-
tronic spin S and nuclear spin I, and n is a unit vector along the
bond. The first five terms in (1) are commonly used to model
the fine (via the B and y terms), Fermi contact, and dipolar
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magnetic hyperfine (via the by and c terms), and the electric
quadrupole hyperfine (via the eqoQ term) interactions. The
sixth term describes the interaction of the anapole moment of
the nucleus k4, with the electron spin, the seventh a scalar
electron-nucleus interaction, and the last the interaction of
d, with the effective electric field, W,. Determination of
the '3BaF and '3"BaF hyperfine parameters is particularly
relevant to parity violation studies, because these parameters
are the most sensitive probes of the electronic wave function
in the region of the Ba nucleus. In parity nonconservation
studies the constants W4, Ws, and W, of (1) are calculated as
expectation values of appropriate symmetry-violating opera-
tors over the electronic wave function in the region of the Ba
nucleus. Thus, a comparison of experimentally measured hy-
perfine constants, which also depend upon the electronic wave
function in the region of the Ba nucleus, is the most rigorous
gauge of the reliability of the predicted W, Ws , and Wy
values.

Experimental schemes for measuring P- and P,T-odd
effects in BaF exploit laser-induced fluorescence detection
using the A?TI-X2%7* (0,0) band system. In addition, the
study of P-odd effects relies on Zeeman tuning of opposite-
parity levels to near degeneracy in a large magnetic field, and
on mixing of these levels due to an applied electric field.
Consequently, a spectroscopic understanding of the energy
levels of both the A2TTI(v=0) and X >t (v=0) states, as
well as Stark and Zeeman effects in these states, is required.
Here we report on the analysis of the A2II-X2X+ (0,0)
band system recorded at near the natural linewidth limit
[full width at half maximum (FWHM) ~30 MHz]. Spectra
were recorded field-free and in the presence of static electric
and magnetic fields. An improved set of fine and hyperfine
parameters for the A’IT(v=0) state is determined for the

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.84.012508

STEIMLE, FREY, LE, DEMILLE, RAHMLOW, AND LINTON

PHYSICAL REVIEW A 84, 012508 (2011)

O T T T T T TTTTTTTTTTI
[
OR“ ' T T T T TTTTTTTTITTI
.
3 1
%i“ [ IIIIIIIIIIIIII
Q
AN T T TTTTTITITITT]
- L |
= 2 0
a5 R,
o ‘ |
(]
Q
=
o
(=]
g
e
8 ‘J
« .
— ] ] ] ] ] ]
11627.8 11628.8 11629.8 11630.8 11631.8 11632.8

Laser wave number (cm™)

FIG. 1. Field-free spectrum of A *I1;,,—X >£+(0,0) subband system of BaF.

135BaF, '37BaF, and '*®BaF isotopologues. The permanent
electric dipole moment . for the A 21} (v =0) and A *I13)
(v =0) states and the magnetic g factors for the A 2TI(v =0)
and X 22t (v=0) states of '®BaF were determined from
an analysis of the observed Stark and Zeeman shifts,
respectively.

The field-free energies of the X 2X+(v =0) state of the
138BaF and '*’BaF isotopologues are well characterized. The
pure rotational spectra of '*BaF [10] and '*’BaF [11] have
been recorded and analyzed to produce a set of fine and
hyperfine constants for the X 2% ¥ (v =0) state. An improved
set of F magnetic hyperfine constants for the '*¥BaF isotopo-
logue was obtained from the analysis of the microwave-optical
double resonance (MODR) spectrum [12]. In the same study,
the electric field induced shifts of the rotational levels of
the X 22X+ (v =0) state were measured from which a . of
3.170(3) D was determined. There have been no reported

experimental measurements of . for the AZIT state. The
X 2%+ (v =0) state has also been studied by high-resolution
Fourier transform infrared emission spectroscopy [13]. In that
study, numerous vibration-rotation bands were analyzed for
the three most abundant isotopologues from which Dunham
coefficients were derived.

The AZ2I1 state is less well characterized. The
A’TI-X?2%* (0,00 band system of the main
isotopologue,'*¥BaF, has been previously characterized
from analysis of the near Doppler limited resolution Fourier
transform spectra of the thermal emission and the Ar™
and Kr™ ion laser-induced fluorescence [14—16]. It was
observed that the A 2TT state was perturbed by the nearby A”>A
and B>X 7 states. Effective molecular constants were obtained
by treating the trio of states as a d complex. The radiative
lifetime of the A2H1/2(v =0) [17] and A2H3/2(U =0) [18]
states were measured to be 46.1 and 56.0 ns, respectively.
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FIG. 2. Field-free spectrum of A >I1; n—X 2%%(0,0) subband system of BaF.
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FIG. 3. Observed and predicted spectra of the AZIlj,—
X 227%(0,0) subband system of BaF in the region of the R, (4) line (v =
11634.25 cm™!) of the '3¥BaF isotopologue. The predicted spectra
were obtained using the optimized parameters of Table III and a
linewidth of 20 MHz.

There are no high-level ab initio predictions for the
X2x*t and A’Il states. A semi-empirical electrostatic
polarization model developed by Toérring et al. [19] predicts
that e =3.47 and 4.95 D for the X 2%t and AZIT states,
respectively. A similar model developed by Mestdagh and
Visticot [20] predicts nearly identical values. A ligand field
theory (LFT) [21] predicts pu.=3.89 and 3.45 D for the
X 2X* and A 11 states, respectively.

II. EXPERIMENT

The supersonic molecular beam production and laser-
induced fluorescent detection schemes are similar to those used
in the previous measurements of SrF [22] and YbF [23,24].
A continuously rotating barium metal rod was ablated in a
supersonic expansion of approximately 5% sulfur hexafluoride
(SFe) seeded in an argon carrier gas with a backing pressure
of approximately 3 MPa. The pulsed free-jet expansion was
skimmed to form a well-collimated molecular beam which
was crossed with a single longitudinal mode, continuous wave,
Ti:sapphire laser approximately 50 cm downstream from the
source. The laser power was attenuated to approximately
20 mW and lightly focused (focal length = 1 m) to avoid power
broadening. Spectral line widths of less than 40 MHz FWHM
were observed.

The absolute wave numbers were determined to an accuracy
of £0.003 cm™! by simultaneously recording the Doppler
limited I, absorption spectrum [25,26]. Interpolation between
I, absorption features was achieved by simultaneously record-
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ing the transmission of two confocal étalons. One étalon was
actively stabilized and calibrated to have a free spectral range
of 749.14 MHz. A second, unstabilized étalon with a free
spectral range of 75.7 MHz was used to interpolate between
transmission peaks of the stabilized étalon.

The optical Zeeman spectrometer [27] and optical Stark
spectrometer [28] have been described previously. A 0-1.0 kG,
homogeneous magnetic field was generated using a homemade
electromagnet in the interaction region of the molecular
beam and laser. The magnetic field was measure using a
commercial Gauss meter. Static electric field strengths of up to
2000 V/cm were generated by application of a voltage across
a pair of conducting plates straddling the region of molecular
fluorescence. The electric field was measure by combination
of a commercial volt meter and mechanical measurement of
the plate separation. A polarization rotator and polarizing filter
were used to orient the static electric or magnetic field vector
of the linearly polarized laser radiation either parallel “||”
or perpendicular “;” to that of the applied field resulting
in AMg=0 or AMg==1 selection rules. The combined
systematic error associated with the measurement of the
magnetic and electric field induced frequency shifts and the
field strength is estimated to be less than 2%.

III. OBSERVATION
A. Field-free Spectra

Portions of the field-free excitation spectrum in the region of
the A1 ,-X *Z% (0,0) and A *T13/,—X *£7(0,0) subbands
are presented in Figs. 1 and 2, respectively. Enlarged portions
of the field-free laser-induced fluorescence (LIF) spectra in
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FIG. 4. Observed and predicted spectra of the A2l
X 227(0,0) subband system of BaF in the region of the Q,(6)
line (v =12260.60 cm™") and 2P,,(6) line (v =12260.58 cm™!) of
the '3¥BaF isotopologue. The predicted spectra were obtained using
the optimized parameters of Table III and a linewidth of 20 MHz.
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FIG. 5. Predicted energy level pattern associated with the
RR1»(4) line (v = 11634.19 cm™!) and the RR,;(4) line (v=
11634.35 cm™!) of the '3’BaF isotopologue. The assignments of the
spectral features of Fig. 3 are indicated. The energies were calculated
using the optimized parameters of Table III.

the regions of the R;(4) (v=11634.25 cm™!) and 2Q,(6)
(v=12260.60 cm™!) lines are presented in Figs. 3 and 4,
respectively. The relative positions of the lines associated
with the various isotopologues are evident in Figs. 3 and
4. The spectra are congested in part because there are
seven naturally occurring isotopes of barium: '*°Ba(0.11%),
132Ba(0.10%), '**Ba(2.42%), '**Ba(6.59%), '*°Ba(7.85%),
137Ba(11.23%), and '*Ba(71.70%). Transitions associated
with the ' BaF, '3°BaF, '*’BaF, and '*¥BaF isotopologues
are readily identified in Figs. 1-3. Spectral lines of the odd
isotopologues exhibit a large splitting due to a Ba-hyperfine
interaction in the X 2X+(v =0) state. The nuclear magnetic
g factors for '¥Ba(I=3/2) and *"Ba(I=3/2) are +0.5586
and 40.6249, respectively, and the quadrupole moments are
+18 and +28 fm?, respectively. The "F(I = 1/2) magnetic
hyperfine splitting is much smaller because the unpaired
electron in the AIT and X 2X+ states is centered on the
metal nucleus. The predicted energy levels associated with
lines of the '*’BaF isotopologue in the region of the ®R;;(4)
and 2Q,(6) lines of the '*¥BaF isotopologue, obtained using
the finalized optimized parameters, are presented in Figs. 5 and
6, respectively, and illustrates the relative hyperfine splitting.
The energy level patterns for the low-rotational levels
of the X2X* state of the even barium isotopologues are
those of a molecule near the Hund’s case (bgy) limit with
the approximately good intermediate quantum number J
resulting from coupling the rotational angular momentum N
with the electron spin angular momentum S. Each rotational
level of a given J of the even isotopologues splits into two
levels designated by the total angular momentum F due to
the ""F(I=1/2) magnetic hyperfine splitting. The resulting
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FIG. 6. Predicted energy level pattern associated with the
2P, (6) line (v=12260.52 cm™') and the ¢P,(6) line (v =
12260.68 cm™!) of the '3’BaF isotopologue. The assignments of the
spectral features of Fig. 4 are indicated. The energies were calculated
using the optimized parameters of Table III.

Hund’s case (bgy) vector coupling appropriate for even barium
isotopologues can be written as

S+N=J, L"FH+J=F, 2

which corresponds to the basis set In AY)(SN)J(J [)F ).

The large '3!3 Ba magnetic hyperfine interaction in
the X2X* state causes the energy level pattern for the
low-rotational levels of the odd isotopologues to be those
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FIG. 7. *"BaF isotopologue spin-rotation and hyperfine energy
level pattern for the X 2%+ (v =0) state as a function of rotational
quantum number N. The low rotational levels are those of a Hund’s
case (bgs) molecule with G being the appropriate intermediate
quantum number, and those of the high rotational levels a Hund’s
case (bg,) molecule where J is the appropriate intermediate quantum
number.
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of a molecule near the Hund’s case (bgs) limit. The
approximately good intermediate quantum number G (=1
and 2) results from coupling the '3713Ba nuclear spin
angular momentum I; with the total electron spin angular
momentum S. The '°F nuclear spin is weakly coupled to
G to produce the total angular momentum F. The Hund’s
case (bgs) vector coupling for low rotational levels can be
written as

S 4 11(137*135Ba) — G(137’135Ba), N 4 G(137,135Ba) — Fl,
F; + L(""F) =F, 3)

which corresponds to the basis function InA)(ST)G
(GN)F,(F| IL)F). The electron spin decouples from the nuclear
spin with increasing rotation, and the energy level pattern of
the X 227 state of odd isotopologues gradually transforms
to that of a molecule near the Hund’s case (bg;) limit. As
an illustration, the energy level pattern of the X 2X+(v=0)
state of '*’BaF as a function of rotation, predicted using the
previously determined fine and hyperfine parameters [11], is
illustrated in Fig. 7. The contribution due to rotation [~B X
N(N + 1)] has been subtracted to emphasize the spin-rotation
and hyperfine contributions.

The Ba hyperfine interactions are much smaller in the A 2T
state, and the energy level patterns for the low-rotational
levels of both the even and odd barium isotopologues are
those of a molecule near the Hund’s case (agy) limit with
the electron spin quantized in the molecular frame and having
a projection, X. A Hund’s case (agy) coupling scheme, with
the nuclear spin sequentially coupled, is appropriate for all the
isotopologues:

J+L(%%9Ba)y = F,, F, +L(°F)=F. “

The corresponding basis function is InA)SZ)JR
(JI)Fi(F1L)F). The inclusion of I, (°F), even though
the '"F(I=1/2) interaction is not fully resolved, facilitates
spectral simulation.

A conventional *IT (case ag))—>Z" (case bg;) labeling
scheme of 2NAJ Fer(N") [29], where F!” and F; subscripts
designate the spin components of the X?X* and AZIl
states, respectively, is appropriate for the even isotopologues.
In the cases where AN= AJ and F/" = F/ it is customary to
drop the superscript and the second subscript. The 12 branches
of the 2IT (case agy)-> =+ (case bgy) labeling scheme (P, Q1,
R, PO, OP12, CR12, Po, 02, Ro, RQs1, 2Py, and ®Ry)) are
readily assigned (see Figs. 1— 4). The intermediate quantum
number J is not appropriate for the low-rotational levels of
the X 2X+ state of the odd isotopologues and hence neither
is the F} subscript in the conventional 211 (case a,gJ)—ZE+ (case
bgy) branch designation. It is customary to replace F; with
the intermediate approximately good quantum number G” of
the Hund’s case (bgs) coupling scheme. The 12 branches of
the 2I1 (case aﬂ_])—22+ (case bgy) labeling scheme regroup
into 16 branch features of the 2IT (case ag)->E" (case
bgs) scheme. The branches are designated as Py, "Pic +
0162016 +2Ri, and ®R; for the *I1; 5 (case agy)->E+
(case bgs) subband and ” Py, 2Pag + 026, R0 +7Rac,
and SRy for the T3, (case ag))—*E T (case bgs) subband
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with G =1 and 2. The abbreviations P, 20,s, 2P, and
ROy forthe " P16 + £ 016.2016 +9R16.9Pag + 2016, and
R0, +%R,; branches, respectively, are used in Figs. 3—-6
and below.

A total of 439 transitions in the AZI-X2XT (0,0)
band were measured and assigned: 73, 99, and 267 for the
135BaF, '37BaF, and '3®BaF isotopologues, respectively. The
observed and calculated transition wave numbers, based upon
the final optimized parameters, and associated assignments
for the '3¥BaF,'3’BaF, and'**BaF isotopologues are listed
in Tables I, II, and III, respectively, of the Supplemental
Tables [30].

B. Stark spectra

The SR, (0) (v = 12262.88 cm™!) and ?P;»(2) (v=
11628.96 cm™") lines of the **BaF isotopologue were selected
for optical Stark studies. The observed and predicted spectra
for the SR,;(0) line recorded field-free and in the presence of
a 899.4 V/cm static field with perpendicular orientation are
presented in Fig. 8. The associated energy levels as a function
of applied field are also presented. The field-free line rapidly
splits into four components due to the near degeneracy of
A doublets associated with the J=3/2 level of the A>Tl3)
state. The pattern of four features slightly shifts to higher
wave numbers due to the second-order Stark tuning of the
N =0 rotational level of the X 2X* state. The observed and
predicted spectra for the OP,(2) line recorded field-free and
in the presence of a 2940 V/cm static field with parallel
orientation are presented in Fig. 9. The associated energy
levels as a function of applied field are also presented. The
field-free spectral feature weakly tunes to lower wave number
due primarily to the second-order Stark tuning in the e-parity
component of the J=1/2 level of the A 211, /2 state. The A
doubling of the J=1/2 level (i.e., the separation between
the e- and f-parity components) is 0.2589 cm™! (=p +2¢).
A total of 17 Stark-induced shifts for the $R»;(0) line and
14 Stark-induced shifts for the ©P,(2) line were assigned
and precisely measured. Measured shifts and the difference
between the measured and predicted shifts are listed in
Table L.

C. Zeeman spectra

The R;(0) (=11631.28 cm™') and SR, (0)
(v=12262.88 cm™!) lines of the '3®BaF isotopologue
were selected for optical Zeeman studies. The R;(0) line
recorded field-free and in the presence of 714 G parallel
and 724 G perpendicular magnetic fields are presented in
Fig. 10. The associated energy levels as a function of applied
magnetic field, and the assignments, are also presented.
The Zeeman tuning of the upper energy terminus of the
R(0) line (i.e., the “~” parity component of the J=3/2
rotational level in the A 2IT; /2 spin-orbit substate) is small
and would be nearly zero in the Hund’s case (a) limit.
The SR,,(0) line recorded field-free and in the presence
of a 192 G perpendicular magnetic field is presented in
Fig. 11. The associated energy levels as a function of applied
magnetic field, and the assignments, are also presented. The
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FIG. 8. Observed and predicted SR, (0) line of the **BaF isotopologue recorded field-free and in the presence of a 899.4 V/cm static field
with perpendicular orientation and the associated energy levels as a function of applied field. The near degeneracy of the A-doublets in the
J=3/2 level of the A >3, state results in a linear Stark tuning of the energy levels.

Zeeman tuning of the upper energy terminus of the SR,;(0)
line (i.e., “=" parity component of the J=3/2 rotational
level in the AZIl3,, spin-orbit component) is significant
because the energy level pattern is near the Hund’s case (a)
limit. The measured 34 magnetically induced shifts of the
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SR71(0) line and 42 shifts of the R;(0) line, along with the
quantum number assignments, are presented in Table II. The
differences between the observed shifts and those predicted
using the optimized magnetic g factors (see below) are
also given.
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FIG. 9. Observed and predicted © P},(2) line of the '*¥BaF isotopologue recorded field-free and in the presence of a 2940.9 V/cm static
field with parallel orientation and the associated energy levels as a function of applied field. The large A doubling (=0.257 cm™') of the

J=1/2levels of the A 2114 /2 state results in a second-order Stark effect.
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TABLE 1. Observed and calculated Stark shifts for the A 2IT-X 2X%(0,0) band system of '**BaF.

Branch, pol Field (V/cm) Assign® Shift (MHz) Obs-Calc?
P (2), || 806 A =25 -9
1612 A —64 -1
1742 A -79 -7
B —78 -8
2014 A —103 -7
B -89 3
2342 A —127 2
B —128 -2
2416 A —136 1
B —125 8
2941 A —207 —4
B —194 2
3541 A —292 4
B —281 2
Std. dev.=6 MHz
SR»1(0), L 601 D 259 -1
601 C 93 -8
601 B —66 -10
601 A —223 -9
899 D 412 6
899 C 173 3
899 B -70 -3
899 A —-307 -5
1202 D 549 —17
1202 C 239 -10
1202 B -376 6
1501 B —67 —11
1501 A —439 10
1742 D 887 7
1742 C 416 —4
1742 B —47 -8
1742 A —500 -5

Std. dev. =8 MHz

#Refers to transitions indicated in Figs. 6 and 7.

®Calculated shifts obtained using optimized i, of 1.50(2) and 1.31(2) D for the A 2H1/2(v =0)and A 2H3/2(v =) states
and previously determined s, of 3.170(3) D for the X 2% (v =0) state [12].

IV. ANALYSIS
A. Field free

The observed transition wave numbers of the molecular
beam optical spectrum were directly fit to an effective
Hamiltonian for the X 2Xt (v=0) and AT (v=0) state.
The effective Hamiltonian for the X 2X+ (v = 0) state for the
138BaF isotopologue was taken as

H'(>2*) = BN> = DN* + yN- S+ b(’PI-8S

-+c09F)<1p$;—%1-s), (3)

where N is the angular momentum operator excluding elec-
tronic and nuclear spins, S and I, respectively. The effective
Hamiltonian for the X 2X* (v=0) state for the '%BaF and
137BaF isotopologues were taken as that of (5) with the addition

of the Fermi contact, dipolar and electric quadrupole terms for
135Ba and 3"Ba:

1
bFC3iB7Baﬂ'S-+((BiB7Ba)<Q5%—§I‘S>

31,12

135,137B .
e O Viei-

(6)

The field-free eigenvalues and eigenvectors for the X X+
(v=0) state were obtained by numerical diagonalization
of the representation constructed in a sequentially cou-
pled Hund’s case (ag;) basis set. The representation for
138BaF was of dimension 4 [=(2S+ 1) x [2[(*’F)+1]],
whereas the representation for the odd isotopologues was 16
[=@2S+ 1) x [21("F) + 1] x [2I(**'3Ba)+ 1]]. The ex-
pressions for the matrix elements were taken from Ref. [31].

Combination difference revealed that the A 2IT; 2 (v=0)
substate levels of the '3>BaF and'*’BaF isotopologues ex-
hibited no magnetic hyperfine splitting. Furthermore, no
A doubling in the A2H3/2 (v=0) substate was observed.
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FIG. 10. R;(0) line of the '3¥BaF isotopologue recorded field free (bottom) and in the presence of a 713 G parallel (middle) and a 724 G
perpendicular (top) magnetic field. The associated energy levels as a function of applied magnetic field, and the assigned transitions, are also
presented.

The A doubling in the Hund’s case (a) limit *I13, and  affects the A2I1;/, (v=0) subband, and the A-type magnetic
21, , substate goes approximately as ¢J? and (p+2¢)J [31],  hyperfine d('*>'*"Ba) interaction terms:

respectively. Therefore, the energies for the AZIT (v=0)

state were modeled by including the origin (7p), spin- Heff(z M) = Too + AL,S, + hAp[L, S..R]*

orbit interaction (A) and the associated centrifugal distortion 2 202 | —2i¢

correction (Ap), rotation (B) and the associated centrifugal + B:; 4 DR + /Z(lj 2:; 2q)e +J;¢S+
distortion correction (D), the A doubling (p+ 2g), which +e IS ) +1pd(em LS 4+ eTTLS ).

(7
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FIG. 11. SRy (0) line of the '**BaF isotopologue recorded field-free (bottom) and in the presence of a 192 G perpendicular (top) magnetic
field. The associated energy levels as a function of applied magnetic field, and the assigned transitions, are also presented.
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TABLE II. Observed and calculated Zeeman shifts for the A >TT-X 2X7(0,0) band system of '**BaF.

Branch Field (G) M, M/, Obs (MHz) Dif (MHz) Branch Field (G) M), M/ Obs(MHz) Dif (MHz)
Ri(0), ] 948 12 12 —1387 26 Ri(0), L 250  3/2 1/2 —402 21
948 —-1/2 —-1/2 1408 -3 250 —-1/2 1)2 —297 25
931 12 1/2 —1442 —54 250 1/2 —1/2 331 10
931 —-1/2 —1/2 1419 33 250 -3/2 —1)2 423 0
833 1/2 1/2 —1227 14 SR>1(0),| 137 1/2 1/2 —111 4
833 —1/2 —1/2 1243 3 137 —1/2 —1/2 128 15
713 172 1/2 —1127 —65 141 172 1/2 —106 12
713 —-1/2 —-1/2 1094 33 141 —-1/2 —-1/2 117 0
482 1/2 1/2 —766 —48 192 1/2 1/2 —166 —4
482 —1/2 —1)2 742 24 192 —1/2 —1/2 172 13
248 1/2 1/2 —412 —43 228 1/2 1/2 —183 9
248 —1/2 —1/2 387 18 228  —1/2 —1/2 192 4
136 1/2 172 —249 —46 230 1/2 172 —206 —12
136 —1/2 —1/2 211 8 230 —-1/2 —1)/2 175 —14
Ri(0),L 948 3/2 1/2 —1578 28 253 12 1/2 -207 7
948 —-1/2 1/2 —1176 44 253 —-1/2 —1/2 230 21
948 1/2 —1/2 1211 -7 254 1/2 1/2 —226 —12
948 —3/2 —1/2 1612 9 254 —1/2 —-1/2 193 —16
833 3/2 1/2 —1372 39 307 1/2 1/2 —244 16
833 —-1/2 1/2 —1035 37 307 —-1/2 —-1/2 271 19
833 1/2 —1/2 1060 —11 310 1/2 1/2 -279 -17
833 -3/2 —1/2 1417 8 310 —1/2 —1/2 242 —13
724 3/2 1/2 —1214 —18 SR,1(0), L 141 —-1/2 1/2 —265 10
724 —1/2 1)2 —984 -52 141 1/2 —1/2 267 -6
724 1/2 —1/2 912 19 192 —1/2 1/2 —374 1
724 -3/2 —1)/2 1207 —18 192 3/2 1/2 51 -1
604 3/2 1/2 —1017 6 192 -3/2 —1/2 —49 5
604 —1/2 1)2 —759 18 192 1/2 —1/2 383 11
604 1/2 —1/2 774 -2 228 —-1/2 1/2 —459 —13
604 —3/2 —1/2 1009 -13 228 1/2 —1/2 445 4
489 3/2 1/2 —816 12 230 —-1/2 1)2 —459 —11
489 —-1/2 1/2 —612 17 230 3/2 1/2 48 —14
489 1/2 —1/2 612 -17 230 —-3/2 —-1)2 -78 —14
489  —3/2 —1)2 820 -7 254 —1/2 172 —517 —21
364 3/2 1/2 —611 5 254 3/2 1/2 58 -10
364 —1/2 1)2 —458 10 254 =3/2 —1/2 -85 —14
364 1/2 —1/2 470 2 310 3/2 1/2 63 —-20
364 —3/2 —1/2 625 9 310 —=3/2 —1/2 —107 -19

Standard deviation of fit=21.5 MHz.

In Eq. (7) J., S,, and [, are the shift operators of
the total angular momentum in the absence of nuclear
spin J, the total electron spin S, and the '*>!3’Ba nuclear
spin angular momentum Iy, and ¢ is the azimuthal coor-
dinate of the electrons. [L,S,,R]™ is the anticommutator.
The field-free eigenvalues and eigenvectors for the A 2Tl
(v=0) state were obtained by numerical diagonalization
of the representation constructed in a sequentially cou-
pled Hund’s case (ag;) basis set. The representation for
138BaF was of dimension 8 [=2 x (25 + 1) x [2I(*°F) + 11],
whereas the representation for the odd isotopologues was
32 [=2 x2S+ 1) x [2I("F) + 1] x [21(**>13"Ba) + 1]]. The
expressions for the matrix elements were taken from Ref. [31].

Various fits of the measured field-free spectrum were
performed. The 267 measured field-free transitions [30] for
the 13¥BaF isotopologue were modeled by varying Ty.0, A, Ap,
B, and (p+2q). The centrifugal distortion correction to the

rotational parameters, D, for the A 21 (v=0) state was held
fixed to the value determined from the analysis of the high-
temperature optical spectrum [15]. For the X 2% (v = 0) state,
the B and y parameters were constrained to the microwave
values [10], the magnetic hyperfine parameters b('°F) and
c("F) were constrained to MODR values [12] and D to the high
temperature optical spectrum [15]. The optimized parameters
and associated errors are given in Table III. The standard
deviation of the fit (=0.0013 cm™!) is commensurate with
the estimated measurement error.

Least-squares fitting of the 99 measured lines for the '*’BaF
isotopologue [30] proceeded in a similar fashion. The fine
and magnetic hyperfine parameters of the X 2X* (v=0) state
were constrained to values extracted from the analysis of the
pure rotational spectrum [11] with the exception of D which
was constrained to the value obtained from the analysis of the
138BaF optical spectrum [15] scaled by the expected mass ratio;
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TABLE III. Field-free spectroscopic parameters in wave num-
bers (cm™") for the A 2I1-X 227 (0,0) band system of BaF.

Parameter 138BaF 37BaF 135BaF
X254 (v =0)

B 0.21594802* 0.21613878° 0.21675(5)
10’ xD 1.85¢ 1.85¢ 1.85¢

y 0.00269930*  0.002702703° 0.002702704
br(Ba) NA 0.077587° 0.0702(5)
c(Ba) NA 0.0250173 0.002237381¢
eqoQ(Ba) NA —.00390270°  —0.003490348¢
br(F) 0.002209862f  0.002209873">  0.002209873
c(F) 0.000274323f  0.000274323">  0.000274323°
AT (v=0)

A 632.28175(6) 632.2802(8) 632.2803(10)
10°xAp 3.12) 3.14 3.14

B 0.2117414(10)  2.11937(12) 0.2125(4)
10" xD 2.00¢ 2.00¢ 2.00¢
(p+2q) —0.25755(10) —0.2581(2) —0.25755°¢
d(Ba) NA 0.0076(10) 0.00685¢
T,0 11946.3168(2) 11945.3152(6) 11946.3034(10)
Std. Dev. 0.0013 0.0014 0.0015

4Reference [10].

bReference [11].

‘Reference [15].

dConstrained to value scaled from the fit of the '*BaF transitions.
¢Constrained to value obtained from scaling the value for '*’BaF.
I[f] Ref. [12].

i.e., scaled by [('3®BaF)]?/[u('3"BaF)]?> where u = reduced
mass. Five parameters for the A 211 (v=0) state were varied:
A, B, (p+2q), d(137Ba), and Too. Ap was constrained to the
value extracted from the analysis of the '3¥BaF measurements
[11] and D to the value obtained from isotopically scaling
the '3¥BaF value. The optimized parameters and associated
errors are given in Table III. The standard deviation of the
fit (=0.0014 cm™') is commensurate with the estimated
measurement error.

There are no previously determined parameters for the
135BaF isotopologue. Fitting of the 73 measured and assigned
transitions [30] was performed by varying a subset of both the
X 2x* (v=0)and A >II (v = 0) state parameters. In the X 22+
(v=0) state, only B and by (Ba) were varied. The parameter
D was constrained to the '3®BaF scaled by the known mass
dependence and the ¢('3*Ba) and eqo Q('3Ba) parameters to
those for '37Ba scaled by the nuclear g factors and quadrupole
moment, respectively. The fluorine magnetic hyperfine

TABLE IV. Optimized magnetic g factors A2TI(v=0) and
X 22+ (v=0) states of 3¥BaF.

Parameter® Value Correlation matrix

g(A %) —0.536(23) 1

g/ (A°TD) 0.980(35) —0.6497 1
g(X2%h) —0.028(13) 0.2233 0.2314 1

ag for the A2TI(v=0) and X >Z*(v=0) states constrained to
2.002, g;(A 2TT) was set to zero.

PHYSICAL REVIEW A 84, 012508 (2011)

TABLE V. Permanent electric dipole moments (debye, D)
for the alkaline-earth-metal monofluorides.

CaF SrF BaF
State  Value Ref. Value Ref. Value Ref.
X2%*t 3.07(7) [33] 3.4963(6) [35] 3.170(3) [12]
A 21'11/2 — — 1.50(2) Present

A3, 2.45(6) [34] 2.06(5) [36] 1.31(2) Present

parameters for '*’BaF, br('°F) and c('°F), were constrained
to the '*¥BaF values [10]. The origin Ty, rotational constant
B, and spin-orbit parameter A for the A2IT (v=0) state of
the '3’BaF isotopologue were varied. The parameters Ap
and (p+2g) were constrained to the '*®BaF values, D to
the mass scaled '3®BaF value, and d(Ba) to the '3’BaF value
scaled by the nuclear g factors. The standard deviation of
the fit (=0.0015 cm™') is commensurate with the estimated
measurement error.

B. Stark effect and intensities

The interaction between the static electric field E and the
molecular electric dipole moment operator u is represented by
the Stark Hamiltonian:

HStark =—u- E (8)

The matrix representation of H3* is block diagonal in M
but of infinite dimension. The predicted Stark shifts in the
X 22+ (v=0) state of the '3¥BaF isotopologue were obtained
by numerical diagonalization of a 16 x 16 truncated matrix
representation constructed using the Hund’s case (ag;) basis
functions for F = 0—4. The observed Stark shifts of Table I were
used as input into a nonlinear least-squares fitting program
in which p. for the X?Xt(v=0) was held fixed to the
previously determined value [=3.170(3) D] [12] and pu.
for the AT (v=0) state was optimized. Initial attempts to
simultaneously fit the shifts of the SR,;(0) and ?P;,(2) lines
revealed systematic deviations indicating that the p. values
for the A 211, ,2and A 1, /2 spin-orbit states are significantly
different. Independent fits of the Stark shifts of the SR,;(0) and
OP5(2) lines determined . of 1.50(2) and 1.31(2) D for the
A2 p(v=0) and A*I13,, (v=0) states, respectively. The
error estimates represent a 90% confidence limit. The standard
deviation of the fits for the SR»;(0) and ©P1,(2) lines were 8
and 5 MHz, respectively, which are commensurate with the
measurement uncertainty.

Modeling the spectra greatly assisted in the assignment of
quantum numbers, particularly in the case of the overlapped
spectra for the '3BaF and'*’BaF isotopologues. Spectra for
the 133BaF isotopologue were modeled by constructing a 4 x 8
Hund’s case (ag) electric dipole transition moment matrix and
cross multiplying the transition matrix by the X 2%+ and A *I1
(v =0) eigenvectors. The transition moment was squared and
multiplied by a Boltzmann factor, and a Lorentzian line shape
was superimposed on each spectral feature and co-added.
Spectra for the 133 BaF and'*’BaF isotopologues were modeled
in a similar fashion, but with the 16 x 32 Hund’s case (ag;)
electric dipole transition moment matrix.
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C. Zeeman effect

The effective Zeeman Hamiltonian was taken as [31,32]:
A%(eff) = gspupS - B+ g/usl- B
+gimp(Si By + 8,B)) + g/upe ™8, B,
+etiS_B). 9)

The rotational g factors, g, and g/, were not included
because their effects are expected to be negligibly small for the
low rotational levels investigated. In the effective Hamiltonian
model, both g5 and g; are treated as adjustable parameters to
account for electronic state mixing [31].

The matrix representation of H%*(eff) is of infinite order.
The very small '°F magnetic hyperfine splitting was not
resolved in the Zeeman spectra (see Figs. 10 and 11) due
to inhomogeneous and residual fields, and the energy levels
can be characterized by the projection quantum number M.
Eigenvalues and eigenvectors for the lowest rotational levels
of the A2II(v=0) and X 2X+(v=0) states investigated here
were obtained by numerical diagonalization of an 8 x 8 and
16 x 16 matrix representations, respectively, constructed from
the J=0.5 to J=3.5 Hund’s case (a) basis functions. The
expressions for the matrix elements were taken from Ref. [31].
The 76 magnetically induced Zeeman shifts of Table II, and
initial estimates of the g factors for the A >IT(v=0) and X 2%+
(v=0) states, were input for a nonlinear least-squares fitting
process. Initial attempts to simultaneously optimize gs, g7 , &,
and g; for the A ?IT state and g and gg for X S produced a
highly correlated set of parameters. In the end, the gg parameter
for the A2I1 (v=0) and X2=+ (v=0) states was held
fixed at 2.002 because the nonadiabatic contributions to this
parameter are expected to be small [31]. In addition, g;(A 2IT),
which is predicted to be small (vide infra) was set to zero.
The optimized values for g; [X 2yt v=0)], glA 2TI(v=0)],
and g; [A M(v=0)], along with their associated errors and
correlation matrix, are listed in Table V. The standard deviation
of the fit was 34 MHz, which is commensurate with the
estimated measurement accuracy.

V. DISCUSSION

A primary objective of the current study was to determine
a set of spectroscopic parameters that could be used to
predict the eigenvalues and eigenvectors for the A 2I1(v=0)
and X 22X (v=0) states of the three major isotopologues of
barium monofluorides, both field-free and in the presence of
static magnetic and electric fields. As can be seen from the
comparison of the predicted and observed spectra given in
Figs. 3-6, 8, and 9, the determined spectroscopic constants
accurately reproduce the energies and eigenvectors at fields
appropriate for future PNC measurements. The observed '**Ba
and'*’Ba hyperfine structure in the low rotational levels of the
A2, ,2(v=0) substate can be modeled using solely the d(Ba)
magnetic hyperfine parameter. The A ’I1; ,2(v=0) substate
exhibited no hyperfine structures.

Surprisingly, the semiempirical electrostatic model predic-
tions by Torring et al. [19] and Mestdagh and Visticot [20]
which predict y. values of approximately 5 D for the A T1 are
in very poor agreement with observation. The LFT prediction
[21] of 3.45 D for the AZII states is only slightly better.

PHYSICAL REVIEW A 84, 012508 (2011)

The determined w. values for BaF are compared with values
for isovalent CaF [33,34] and SrF [35,36] in Table V. Only
the . values for the A21'I3/2 (v =0) spin-orbit state were
measured for CaF and SrF. For all three molecules there is
an observed large decrease in u. upon excitation from the
X 2X* state to the A 2TT state. This is qualitatively explained
as the result of promoting the sole unpaired electron from
a metal-ion-centered ns orbital (n=4, 5, and 6 for Ca, Sr,
and Ba) to a more highly polarizable np;/(n — 1)dy; hybrid
orbital. The effect becomes more pronounced down the series
with the ratios . (A 21'13/2)//% (X 2x*) being 0.79, 0.59, and
0.41 for CaF, SrF, and BaF, respectively. This mimics the trend
in static average electric dipole polarizabilities for the ground
states of Ca (=23 A%), Sr (=28 A?), and Ba (=56 A?).

The observation that p.(A *TT; ,2) [=1.50(2) D] is larger
than pe(A*Tl3.) [=1.31(2) D] must result from a compli-
cated spin-orbit mixing of the A>IT state with the nearby
A?A (T,~ 10940 cm™"), B 22+ (T.~ 14040 cm™!), and
C °T1 (T.~ 20091 cm™!) states. LFT [20], which does not
account for spin-orbit mixing, predicts that t.(A”>A) and j1.(C
211) are greater than p.(A 211) which in turn is comparable to
te(B2XF). According to LFT, ue(A?A) is large because, to a
first approximation, the sole unpaired electron is in a compact
Ba't-centered 54 orbital and pu.(C 2I1) is large because the
sole unpaired electron is in a Ba™-centered 5d-6p hybrid orbital
that is pointed toward the F nucleus. Furthermore, according to
LFT, 11c(A 2T~ (B 2% ") because the LFT predicted 54 and
6p composition for the two states is approximately identical.
Evidently the A T, /2 state is more strongly mixed with the
C2IT and A”? A states than is the A 2T15 /2 state. A similar effect
has been observed in CaOH and SrOH [36].

The determined Zeeman parameters can also be qualita-
tively understood. An estimate for g; (X 2% %) is obtainable
from the Curl relationship [32]:

g ~—y/2B, (10)

where y and B, are the spin-rotation and rotational pa-
rameters. Using the parameters from Table III, (10) gives
21(X 22+)=0.00625 which is the correct sign but about a
factor of 4 too small. The parity-dependent anisotropic g factor
for the A2IT state can be approximated using an equation
analogous to the Curl relationship [31]:

g ~ p/2B, (11)

where p is the A-doubling parameter. It is reasonable to assume
that ¢ = 0, and thus that p = 0.2575 cm™!, since no A
doubling in the A2Il3), levels was observed. (11) predicts
that g/~ 0.2575/(2 x 0.21954) =0.5866, which is in very
good agreement with the experimental value [ =0.536(23)].
In fitting the Zeeman shifts, g; for the A 211 was constrained
to zero. It is difficult to estimate g; for the A 2IT from the
Curl relationship [Eq. (10)] because the required spin-rotation
parameter y for the A *IT state is not determined. Brown and
Watson [36] have shown that for a 2IT state, y and Ap, the
centrifugal distortion correction to the spin-orbit coupling, are
totally correlated. When y is constrained to zero, as was done
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here, then the fitting parameter Ap is a linear combination of
the true values for Ap and y [37]:

2B
(A—2B)’
An upper limit for y (A 2IT) of 0.046 cm™! is obtained from

Eq. (12) by assuming that A'}'* = 0. The Curl relationship then
predicts an approximate value for g;(A 2IT) of +0.11.

AT A plrve (12)

VI. CONCLUSION

A cold molecular beam sample of BaF has been generated
by laser vaporization techniques and the A 2IT-X 2% (0,0)
band system recorded at near the natural linewidth limit both

PHYSICAL REVIEW A 84, 012508 (2011)

field-free and in the presence of static magnetic and electric
fields. A set of effective spectroscopic parameters has been
generated that can reproduce the energies at field strengths
appropriate for proposed PNC measurements. The determined
hyperfine parameters, magnetic g factors, and permanent
electric dipole moments are benchmarks for evaluation of
future predictions of the excited A IT state.
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