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Abstract

The electronic, laser-induced fluorescence spectrum of the B2+ « X2%* transition in 28Si'6O* and
29Gi160+ has been recorded in a cryogenic buffer gas cell at ~ 100 K. Molecular constants are extracted for
both 28Si'60O* and 2°Si'07, including the Fermi contact hyperfine constant for both the B and X states
of 298i160*, and used in a discussion of the suitability of SiOT in future quantum information experiments.

1. Introduction

With the successful application of laser cooling
and trapping of atoms to quantum information sci-
ence [1, 2], it is natural to consider extending these
techniques to molecular systems [3, 4]. Molecules
possessing rich internal structure provide new ca-
pabilities in a wide range of fields, including new
platforms for quantum simulation and computation
[5, 6], tests of fundamental physics [7, 8], and ultra-
cold chemistry and collisions [9, 10]. As proposed
by Di Rosa [11], one of the primary requirements of
direct laser cooling of molecule is that the molecule
possesses diagonal Franck-Condon factors (FCFs),
which suppresses spontaneous decays that change
the molecular vibrational state and thereby enable
closed optical cycling — i.e., spontaneously scatter-
ing many photons following optical excitation in a
repeated cycle.

While several neutral molecules have now been
laser cooled, such as SrF [12], CaF [13, 14], YbF
[15], YO [16], SrOH [17], and CaOH [18], YbOH
[7] and CaOCHs [19], comparatively little exper-
imental work has been carried out on molecular
ions. Recently, we undertook a systematic search
for diatomic molecular ions suitable for optical cy-
cling [20] and found, in addition to four candidates
already proposed by other workers, SiO™ [21, 22],
BHT [23, 24], AIHT [25] and AICIT [26], only three
additional potential candidates: BOT, PN, and
YF+.

Of these candidate diatomic molecular ions,
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286160+, pioneered by the Odom group [23], cur-
rently appears the most promising. The vibra-
tionless branching ratios of the B2X*T — X?2%+
transition have been measured by dispersed laser-
induced fluorescence (LIF) of a supersonic 28Sit6OQ+
beam and found to be 0.9707059% [27]. Rotational
cooling of 28Si'®0O7T has recently been achieved
by selectively driving the P-branch transition us-
ing a broadband laser [28] and optical pumping of
trapped 28Si'®O7 to a super-rotor state has also
been demonstrated [29].

When looking forward to future quantum appli-
cations of SiO*, a natural question arises: How is a
qubit best hosted in SiOT 2 Typically, it is proposed
to encode quantum information in the rotational
degree of freedom of polar molecules. However, as
discussed in Ref. [30], for molecular ions held in an
ion trap, thermal motion leads to rotational deco-
herence via the Stark shift caused by the electric
fields of the trap and the other ion monopoles. Al-
ternatively, a qubit could be hosted in the ground-
state Zeeman structure to mitigate Stark-induced
decoherence, but such qubits are complicated by
the requirements for magnetic field control [30, 31].
An attractive alternative is to use an isotopologue
of 28Si'®0O* that has non-zero hyperfine structure
to realize a hyperfine qubit. Conveniently, the nat-
urally occuring isotope 2Si has a nuclear spin of
I = 1/2, leading to a ground-state characterized
by total angular momentum F' = 0 and F = 1
states. Such structure provides a so-called zero-field
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clock-state qubit in the two M = 0 Zeeman sub-
levels, which in atomic ion quantum computing has
been shown to have attractive decoherence proper-
ties [32, 33]. It also provides a frequency resolved
qubit state (|F" = 0)), which can be prepared and
detected with frequency selective optical pumping.

While 29Si'6O* will share the diagonal FCFs of
28Gil60*, to the best of our knowledge there has
not yet been a spectroscopic study of gas-phase
29Git60*. Here we report spectroscopy of the (0,0)
band of B?Yt «+ X2%+ of 29Si'60*. We find
that 2°Si'®O* is best described with Hund’s case
(b)ss coupling scheme as the hyperfine interaction
exceeds the spin-rotation coupling. We also re-
port spectroscopy of the (0,0) and (1,0) bands of
B2yt « X237+ of 28Sil607 and find spin-rotation
constants for both the X2X* and B2 states that
in some cases are incompatible with previously rec-
ommended values [34, 35, 36, 37, 38].

2. The SiO™ molecule

In addition to its interest for quantum infor-
mation, SiOT plays an important role in silicon
chemistry of diffuse interstellar clouds [39, 40, 41]
and circumstellar regions [42], and its electronic
structure and spectroscopic properties have been
extensively investigated. In 1940, Pankhurst [43]
first observed a band of SiO* at around 3840 A
from a heavy-current hydrogen discharge tube with
a quartz constriction, but incorrectly ascribed it
to SiO,. The SiOT band was later identified by
Woods [44] in 1943 as the B?Y+ — X2X7T transi-
tion and further confirmed by Ghosh et al. [34]
using the isotope shift measurement of 28Si'6O+
and 28Si'80*. The molecular constants have also
been obtained for both 28Si'60O+ and 28Si'80O+. Us-
ing the vacuum UV photoelectron spectroscopy of
SiO (X!XT), Colbourn and coworkers [45] have es-
timated the spectroscopic constants for three ionic
states of 28Si'60+: X2%+, A%II, and B?X*. Later,
Rosner and coworkers [35, 36, 37, 38] measured a
number of high-resolution bands of A2II — X?2%+
and B?Yt — X2¥* transitions of 28Si'6O* from
LIF studies of mass-selected fast ion beams. By
fitting the entire data with a Hamiltonian model,
they have obtained more precise rotational and
fine-structure constants for all three states. Along
with the experimental studies, many theoretical
calculations have been performed to investigate
the potential energy curves and spectroscopic con-

stants of the low-lying electronic states of SiO¥
[46, 47, 48, 49, 50, 51, 52, 53, 54].

3. Hamiltonians for the X2X* and B2X*
states of SiO™

The effective Hamiltonian for a molecule in a 2X+
state is:

Heg = Hel + Hyiv + Hyot + His, (1)

where the four contributions correspond to the
electronic, vibrational, rotational and hyperfine-
structure Hamiltonian, respectively. The energy of
electronic state is conventionally denoted as T, and
the vibrational Hamiltonian is

1 1
Hyip/h = we 11—|—§ — Wee 11—|—§ , (2
where w, and w.z. are vibrational constants, and v
is the vibrational quantum number. The vibronic
part of the Hamiltonian can then be rearranged as:

Hey/h+ Hyp/h = Tp + [we — wexe (v + 1)]v, (3)

where the electronic energy T, and the vibrational
ground state energy are absorbed into Tj.
The rotational Hamiltonian reads

Hyot/h = B,N? — D,N* + yT'(N) - TY(S), (4)

where N is the rotational angular momentum of
the molecule about its center of mass, S is the
electron spin, B, and D, are molecular rotational
constants of vibrational state |v), and ~ is the
spin-rotation coupling constant. Here all rotational
constants include the contribution from rotation-
vibration coupling. The third term in Eq. (4) is
the electron spin-rotation interaction, represented
as the scalar product of twe,spherical tensors, de-
fined via T*(A) - T*B) == (=1)PTF(A)T*,(B).
nonzero for

The hyperfine Hamiltonian,

298i1607, is

Hpps/h =bpT (1) - TY(S) + V6gsupgnin
2

) (5)

X (#0/47T)T (87 I) T (C)a
where T2 indicates a spherical tensor of rank 2,
T?(C) represents a normalized spherical harmonic,
T%(S; 1) describes the dipolar coupling between
spins, and the rest of symbols have their standard



Table 1: Matrix elements of the hyper ne and spin-rotation interactions.

G=1,F =N+1

G=1,FF=N G =0F=N

G =0,F =N-1

N b N
G=1LF=N+1 5+ - 5 0 p_0 0
G=1LF=N 0 BrEts 3 NI+ 0
G=0,F=N 0 37 NN +1) —3be 0
_ _ N+1) b t(N+1
G=1F=N-1 0 0 0 _2NHD) b UNAD

Note: For N = 0, there are only two non-zero elements: G=G' =1, F =F =1and G =G =0,
F = F’ = 0. The elements off-diagonal in N are neglected because of the large energy gap between the

rotational levels.

meanings [55]. The first and the second terms rep-
resent the Fermi contact and dipolar interactions,
respectively. The matrix element of the dipolar in-
teraction term is parameterized by ¢, which is equal
to the perhaps more common dipolar hyperfine con-
stant ¢o in Hund’s case (b)gs, and is given as [55]

t =to = gsupgnin (to/4) (T3 (C)ln),  (6)

where |n) is the electronic wave function.

For the X2X7 state of 22Sil®0O*, the Fermi con-
tact interaction is much stronger than the spin-
rotational coupling [34, 56] (i.e., brp > 7). A 2%
molecule with strong spin-spin interaction is con-
veniently described by Hund’s case (b)gs, in which
the spins S and I couple to form a resultant G, and
G then couples with N to form the total angular
momentum F'.

With this basis choice, the matrix elements of the
spin-rotation and hyperfine interactions are calcu-
lated and listed in Table 1. As can be seen in this
table, the spin-rotation coupling term in H,.,; mixes
states with different G but the same F. We use
this basis for both the X2X* and B2X7" states of
SiO* and the molecular constants of each state are
distinguished by superscripts (X) and (B) in what
follows.

The line strength of a transition between these
states, i.e. |nx,N",G",F") and |ng, N',G', F'), is
[57]:

Sniarrnvgrrn = (2F + 1) 2F" + 1)(2N" +1)

N Foa

F// N// 1 I
(7)

is the Kronecker delta function,

X (2N" +1)dran T 0 ()2

where 6G’G”
Tq(i)o( ) is the dipole transition moment between
the electronic states |pg) and |nx) in the body-
fixed frame, and {:::} is the Wigner-6j symbol. The

Kronecker delta describes the useful fact when in-
terpreting spectra that the electron and nuclear
spins are unchanged by the electric dipole transi-
tion. Using the line strengths to predict the rela-
tive strengths of the observed transitions is helpful
in assigning the observed lines and more details are
given in the data analysis section.

4. Apparatus

In this experiment, SiO™ ions were produced by
direct reaction of Sit and Oy [58] in a cryogenic cell
at a temperature ~ 90 K, as schematically shown in
Fig. 1. SiT ions were generated by ablating a Si tar-
get using a pulsed Nd:YAG laser at 1064 nm focused
onto the target with a spot size ~ 1 mm and a pulse
energy ~ 5 mJ. A silicon wafer (Sigma Aldrich, nat-
ural isotopic abundance) was used to produce 2*Si+
and pressed target of 2°Si metalloid powder (Buy-
isotope, isotopic enrichment >99.2%) was used for
29Gi*. The produced Sit ions then reacted with
ultrahigh purity Os gas (Praxair, 99.993%), which
was introduced into the cell at a flow rate =~ 7 stan-
dard cubic centimeter per minute (sccm) resulting
in a gas density ~ 10'® — 10'® cm~3, to form SiO+
ions.

The 28Si'80O jons were first probed at 368 nm
and 384 nm, generated by frequency doubling of a
pulsed dye laser with LDS 751 laser dye (LiopStar-E
dye laser, linewidth 0.04 cm~! at 620 nm), to cover
the (0,0) and (1,0) bands of the B2X T « X?%+
transition, respectively. To avoid scattered light
from the ablation plume, the dye laser illuminated
the ions roughly 120 pus after the ablation pulse.
A Coherent WaveMaster was used to calibrate the
absolute wavelength of the dye laser. The resulting
fluorescence photons were imaged onto a photomul-
tiplier tube (PMT) via a lens system and counted
(Stanford Research Systems, SR430). Both bands
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Figure 1: Schematic of the cryogenic cell with production of
SiO™* and LIF measurement indicated.

were scanned at a step size of 2 GHz near the res-
onance and 4 GHz when away from the resonance.
Each data point is the sum of 500 laser pulses at
a 10 Hz repetition rate and repeated between two
and four times.

Following the dye laser survey spectroscopy,
higher resolution spectroscopy was performed on
the (0,0) bands of 28Si'0O* and 29Si'®O* us-
ing a doubled, continuous wave Ti:sapphire laser
(M Squared Lasers). This laser has an effective
linewidth on the order of 10 MHz and was scanned
with a step size between 50 MHz and 200 MHz. The
laser frequencies were measured and recorded using
a High Finesse WS-U wavemeter. The resulting LIF
photons were counted over a 5 us window that was
delayed by 120 us from the ablation pulse and av-
eraged for 300 ablation pulses. Each measurement
was repeated between two and four times.

5. Results and discussion

5.1. Pulsed dye laser spectroscopy

While the main purpose of the pulsed dye laser
experiment was to inform the subsequent higher-
resolution measurement, analysis of the recorded
data provided several useful results. Figure 2 shows
the LIF spectra of 28Si'0O7 along with a least-
squares fitting of a Voigt profile to each rotational
line, in which the Gaussian and Lorentzian contri-
butions are estimated to be within the ranges of

0.5—0.8 GHz (mostly corresponding to the Doppler
broadening) and 3.0 —6.0 GHz (mainly correspond-
ing to the laser linewidth), respectively. First,
the measurements of the (0,0) and (1,0) bands
in 28Sil0O* provide a straightforward measure-
ment of the separation of the first two vibrational
states of the B2Y* vibrational as w? — 2w.z? =
33657.29(13) GHz. Second, fitting the observed
amplitudes of the rotational peaks indicates a ro-
tational temperature of T, = 86(4) K. Given that
the cell is held around 90 K, this indicats that the
molecular rotation is quickly thermalized after the

molecules are created.

5.2. CW laser spectroscopy

The results of higher-resolution measurement are
shown in Figs. 3 and 4 for 28Si'507 and 2°Si'6O,
respectively. The higher resolution scans required
significantly more time, roughly half of a day per
rotational line, and resulted in two changes to the
experiment. First, the cryogenic cell temperature
was raised to approximately 100 K to prevent Og
ice from forming over the course of longer runs. And
second, long-term drifts in the ion signal, presum-
ably due to changes in the ablation conditions, led
to variations of the LIF amplitude from one rota-
tional line to the next, preventing extraction of the
molecular rotational temperature. As a result, in
our fitting, we fix the relative strengths of the spin-
rotational and hyperfine transitions within a single
rotational transition according to their respective
transition moments, and allow a single fitted am-
plitude for each rotational transition.

In this manner, custom software was created that
diagonalizes the relevant Hamiltonians, calculates
the individual transition strengths between states,
convolves those transition lines with a Gaussian
lineshape of full width at half maximum (FWHM)
of 840 MHz, which is consistent with the expected
Doppler broadening of ~ 800 MHz, and fits to the
data by minimizing x? with a gradient descent al-
gorithm. Once the best fit values were found, 68%
confidence intervals were found for each fitted pa-
rameter using the profiling method [59].

The resulting fits for 28Si!®O* are shown in Fig.
3. The fits yield x? per degree of freedom (DOF) of
x?/DOF = 0.96 when assuming the data is Poisso-
nian distributed, indicating a stable, well-behaved
experiment and reasonable fit. The fits also ap-
pear to satisfactorily reproduce the observed spec-
tra. The extracted molecular constants are shown
and compared to previous results in Table 2. The






