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Molecules with deep potential wells provide optical transitions sensitive to variation in the proton-
to-electron mass ratio (). Here we propose the molecular ion TeH™ as a favorable candidate for
an improved laboratory search for changing ;1. We identify narrow-linewidth vibrational overtones
in TeH™ with high absolute sensitivity to pu. TeH™ additionally provides electronic transitions
with highly diagonal Franck-Condon factors. This allows for the implementation of optical state
preparation schemes faster than the spectroscopy state lifetimes, allowing a single-ion spectroscopy
experiment to reach the projection-noise limited statistical uncertainty of 5 x 10~'® with one day
of averaging. In addition, we analyze the extent of Stark and Zeeman systematic shifts. We show
that the spectroscopy states within the ground X;07 electronic manifold are relatively insensitive
to external fields, leading to a fractional precision <1 x 10~*® using reasonable methods of external
field control previously demonstrated in ion trap experiments.

Searches for variation of fundamental constants are
well motivated by their ability to probe mechanisms
beyond the Standard Model [1]. Modern laboratory
searches take advantage of precise measurements of
atomic frequencies that access the fine structure constant
() and the proton-to-electron mass ratio (p) [2]. Setting
new constraints on the variation of p is especially intrigu-
ing as it is predicted to drift faster than « [3]. The tight-
est constraint on the variation of u, measured by astro-
nomical observations of methanol, is 2.4x 10717 /yr [4]. In
contrast, the tightest laboratory constraint on the frac-
tional variation of y, ~1 x 10716 /yr, was obtained from
a comparison of hyperfine and electronic transitions in
atomic clocks [5, 6]. However, since the sensitivity to u
arises from the relatively low frequency microwave hy-
perfine transition, it will be challenging to significantly
improve the precision of u variation searches by this ap-
proach. In order to surpass the limits set by microwave
clocks, many have proposed to take advantage of the in-
ternal structure of molecules.

Compared to hyperfine transitions in atoms, highly ex-
cited vibration levels have similar relative sensitivity to u,
but with frequencies of 10-1000 THz, resulting in orders
of magnitude larger absolute sensitivity [7, §8]. One tech-
nique for using these states in a measurement is to drive
a transition to a nearby level with different p sensitiv-
ity [7-11]. Since the spectroscopy frequency is reduced
without loss of sensitivity to w, this approach enables
high-sensitivity probes using low-frequency spectroscopy
and also reduces Doppler shift uncertainties [7, 8]. How-
ever, because the states involved will generally have quite
different character, this approach can create challenges
in controlling differential systematic shifts to the desired
level.

An alternative approach is to directly measure vibra-
tional overtone frequencies in molecules, with previous
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proposals suggesting performing the spectroscopy using
stimulated Raman transitions [12, 13]. Here we pro-
pose taking advantage of the deep potential well in the
tellurium monohydride cation (TeH™) to drive a single-
photon optical transition with high sensitivity to u. In
comparison to Raman transitions in the optical domain,
single photon transitions do not require a frequency comb
for stabilization, and light shifts pose a significantly re-
duced challenge. Our proposed spectroscopy states are
each relatively insensitive to many systematic frequency
shifts, and certain important differential shifts are fur-
ther reduced because of the similar electronic and ro-
vibrational character of the two states.

Measurement of overtones in trapped ions is currently
an active area of research [14, 15]. Additionally, recent
demonstrations of molecular ion quantum state prepara-
tion [16-20] and non-destructive state readout [19, 21]
suggest that spectroscopy on a single trapped molecular
ion might be able to fully take advantage of the favorable
systematic uncertainties we predict for TeH'. Addition-
ally, we find that the state lifetimes are sufficiently long
that statistical uncertainties of single-ion spectroscopy
can also be acceptably low, potentially allowing for prob-
ing variation of  at a level better than 10717 /yr.

A number of favorable properties of TeH™ stem from
its unique electronic structure, which has recently been
calculated [22] but has not yet been experimentally mea-
sured. In the absence of spin-orbit coupling (A + S pic-
ture), the ground state is ¥, and the two lowest excited
states correspond to 'A and 'Y states. However, strong
spin-orbit coupling originating from the heavy tellurium
atom makes Hund’s case (c) the most natural basis [23]
(Fig. 1).

Spin-orbit coupling in TeH™ leads to two significant
properties for the low lying electronic states. First, the
ground Y.~ state is split by a large 1049 cm ™! interval,
producing two independent electronic states with differ-
ent Q. The X;07 state is insensitive to certain systematic
frequency shifts. Second, spin-orbit coupling relaxes the
selection rules that would prevent transitions between the
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FIG. 1: Low lying electronic states of TeH". Figure
adapted from [22].

three low lying states in the A + S picture. This yields
relatively short excited state lifetimes of 15 us and 2.4 ms
for the bOT and a2 states, respectively, calculated using
LEVEL 16 [24].

The X;0%, Xz1, a2, and b0 electronic states corre-
spond to different orbital and spin configurations of two
electrons in non-bonding p orbitals localized on the tel-
lurium ion. As a result, transitions between these states
leave the equilibrium bond length and bond strength rel-
atively unperturbed, leading to highly diagonal Franck-
Condon factors (FCFs). TeH" additionally has a small
reduced mass, leading to large predicted rotational and
vibrational constants of approximately 6.2 and 2100
cm ™!, respectively. These relatively large spacings re-
duce the number of occupied states for a given tempera-
ture, only requiring tens of scattering events on average
to cool TeH™ from an excited rovibrational state. We fur-
ther choose to focus on the 39TeH™ ion, as 139 Te does not
possess nuclear spin. The short excited state lifetimes,
small phase-space volume and diagonal FCFs enable the
implementation of a fast optical cooling scheme [18].

Franck-Condon factors depend most heavily on the dif-
ference in equilibrium bond length between electronic
states. Having no measured constants for TeH™, we
evaluate the accuracy of the calculations in [22] by com-
paring theoretical and experimental investigations of an
isoelectronic species with similar mass: antimony hy-
dride (SbH). Alekseyev et al., using a similar compu-
tation method [25], predict a difference in equilibrium
bond lengths between the b and X states within a factor
of two of the measured value [26]. For optical cooling, we
also rely on short lifetimes. The lifetime of the b state
predicted in [25] was also accurate to within a factor of

two [27]. Other properties that have a smaller impact on
cooling efficiency such as harmonic frequencies, spin-orbit
splittings and electronic energies were predicted within
10% [26]. Inaccuracy at this level will not significantly
alter any of the favorable properties of TeH" that we con-
sider here. Compared to the SbH calculation, the TeH™
calculation explicitly treats more electrons and uses a
significantly larger basis set. The TeH" calculation is
therefore expected to be more accurate than the SbH
calculation.

The absolute sensitivity of a particular overtone transi-
tion to p depends on the shape of the electronic potential,
at first increasing with vibrational energy and eventually
decreasing near the dissociation limit [2, 8]. We focus
here on the the properties of the ground X;07 state, us-
ing the coefficients from [22]. In addition to the absolute
sensitivity, we consider the statistical precision to which
an overtone can be measured. For a projection noise-
limited Ramsey experiment, the RMS frequency error for
a single ion is given by:

1 T.

o) = e\ ot

(1)

where T is the Ramsey time, T, is the cycle time and
T is the total measurement time [28]. The uncertainty
can be more accurately modeled by solving for the slope
of the discriminant signal in a multilevel system [29-31].
Setting aside such optimization here, we set the Ramsey
time to the inverse natural linewidth of the transition,
I'"!. For a fixed total measurement time, we consider
two limiting cases. In the limit of long cycle times, § frms
is proportional to I', while in the limit of zero dead time
(T. = Tr), 6 frms is proportional to VT. The fractional
precision of p will then be proportional to the figure of
merit [8]:

af 1
ATk (2)

where df /dp is the absolute sensitivity and kis 1 or 1/2
for the cycle time or linewidth-limited cases, respectively.
In Fig. 2 we plot the figure of merit for both cases as a
function of excited vibrational state. In both cases prob-
ing higher vibrational states are advantageous, especially
for experiments with high duty cycles.

In a single-ion experiment, the cycle time will be lim-
ited by the state preparation time associated with cool-
ing each individual degree of freedom in TeH ™. However,
due to the short 15 us lifetime of the excited b0 state
and the diagonal FCFs between electronic states, rapid
cooling can be achieved on timescales shorter than the
interrogation time using a reasonable number of com-
mercially available lasers [32]. Given a successful imple-
mentation of a fast optical state preparation scheme, the
linewidth-limited scenario suggests that driving an over-
tone from v = 0 to v = 8 (fos = 430 THz) will be the
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FIG. 2: Figure of merit as a function of vibrational excited
state for cycle time-limited (k = 0) and linewidth-limited
(k = 1/2) experiments, normalized to v = 1. For TeH",
transitions to v = 6 and v = 8 are the most optimal.

most optimal transition for probing a fractional varia-
tion in p. In addition, a single photon transition must
couple two states of opposite parity. We therefore aim
to perform spectroscopy between |X;07,v=0,J = 0)
and | X707, 0 =8,J =1). In an experiment limited by
the excited state lifetime, this transition reaches a frac-
tional statistical uncertainty of 1.3 x 10715 //T/s, or
4.5 x 1018 with one day of averaging, corresponding to
a precision of 2 mHz. The uncertainty can potentially
be pushed lower by driving a similar energy overtone in
TeD™, as the lifetime is expected to be approximately
twice as long.

In order to evaluate systematic frequency shifts, we
require a complete picture of the rotational and vibra-
tional energy levels in each electronic state and the dipole
moments coupling each level to each other. We input
the potential energy curves and dipole moment functions
computed by Gongalves dos Santos et al. into a modified
version of LEVEL 16 to generate an interaction matrix
[22]. Here we analyze electric and magnetic field shifts,
summarized in Tables I, II, and III.

Blackbody radiation (BBR) causes differential Stark
shifts of the spectroscopy states by coupling each of them
to (1) adjacent rotational states in the same vibrational
manifold (2) other vibrational manifolds and (3) other
electronic manifolds. BBR shifts from coupling between
adjacent rotational levels and distant electronic levels
can be well-approximated by an expression for Stark
shifts in the high and low-frequency limits, respectively.
Since vibrational frequencies and the spin-orbit splitting
frequency occur in spectral regions where BBR is the
strongest, neither approximation holds. In order to cal-
culate all BBR shifts reported here, rather than using any
limiting-case approximations, we use in all cases Eq. 8 of
Farley and Wing [33], and calculate the BBR Stark shift
numerically integrated over the entire BBR spectrum.

For unpolarized radiation, when the radiation fre-
quency is much larger than the rotational spacing, there

TABLE I: Blackbody Radiation Shifts®

Effect Ground  Excited  Diff. Diff./ fos
BBR (rotation) 11.6 11.4 -0.2 -0.47
BBR (vibration) -0.22 0.45 0.67 1.6
BBR (b0™") -0.64 -0.2 0.39 0.91
BBR (X21) 0.21 20.049  0.16 0.37
Total 1.0 2.4

a2 BBR at 300 K. All values in mHz except last column, the
fractional shift divided by 1018,

is a fortuitous cancellation for 2 = 0 levels, which renders
identical the AC Stark shifts from each |.J) within a man-
ifold due to coupling to adjacent rotational states. This
cancellation occurs because of an apparently accidental
interplay between level spacing and dipole transition mo-
ments. The frequency shift of each |J) level is given by

2BE?u}
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where fp is the drive frequency, B is the rotational
constant, F is the electric field amplitude and g is the
dipole moment. For the lowest several rotational in-
tervals, the effects of BBR are well approximated by
this result for the high frequency limit. Because of
centrifugal distortion, the shifts are slightly different in
the two spectroscopy states, but the cancellation is still
quite good. Using the available parameters beyond their
actual accuracy, we find the differential shift between
|X107,0v=0,J =0) and |X;07,0v=8,J =1) at room
temperature to be below 1 mHz.

For the vibrational interaction, BBR couples the
|X10", v = 0) level only with the neighboring v = 1 level,
whereas the |X;07,v = 8) level has counteracting cou-
plings to both v = 7 and v = 9. Therefore, we expect no
cancellations in the differential Stark shift. Even so, the
vibrational transition moments are sufficiently small (of
order 0.1 Debye) that these Stark shifts are small. The
differential shift is 0.67 mHz.

Room temperature BBR-induced interaction with b0T
causes the | X107, v = 0, J = 0) state to shift, dominantly
due to the diagonal coupling to the [b0T,v = 0) level.
Similarly, the |X;0",v =8, J = 1) state couples primar-
ily to dipole-connected states in [b0%,v = 8). The spin-
forbidden nature of this transition leads to a small dif-
ferential shift of 0.39 mHz. The BBR-induced coupling
of the spectroscopy X;0" manifold to the nearby and
diagonally coupled X51 manifold is also dominated by
Av = 0 couplings, yielding a net differential shift of 0.16
mHz. Assuming the temperature is kept stable to within
10 K, uncertainty of the BBR shifts will be more than an
order of magnitude lower than the remaining Stark and
Zeeman shifts.

When multiple decay channels are open to the upper
state, the laser intensity Is.+ required to saturate the



spectroscopy transition is proportional to I'Z, /u?, where
T'tot is the total relaxation rate of the upper state, and
u is the transition moment of the transition [12, 34]. In
the familiar case of a 2-level system, Is,; is proportional
to p?, so a weaker transition requires less laser power to
saturate. However, in the case of spectroscopy on a vi-
brational overtone transition I'Z, is dominated by other
channels, and Iy, is inversely proportional to u?, becom-
ing larger with the Av of the overtone. Thus, it is im-
portant to assess the size of the light shifts arising from
the spectroscopy laser.

We consider the TeH™ [X;0T,0=0,J=0) —
| X107, v =8,J = 1) transition. The upper state Ty =
25 s~!. The spectroscopy channel has I' = 2.4 x 1074
s~1. The intensity required to saturate this spectroscopy
transition is dramatically elevated from the 2-level case
but is still a quite manageable at 1.5 xW/mm®. At this
drive intensity, the light shift from coupling either of the
spectroscopy states to the b0* manifold is below 10 nHz,
and the light shift from coupling to the Xo1 manifold is
two orders of magnitude below this. We conclude that
even though the spectroscopy transition is far weaker
than other upper state decay channels, light shifts arising
from spectroscopy on this transition are too small to be
of concern.

For Q = 0 states, opposing Stark coupling to the two
adjacent states arising from unpolarized low-frequency
fields results in a vanishing Stark shift for all but the
lowest rotational level. However, DC Stark shifts, e.g.,
arising from uncompensated patch potentials on the elec-
trodes, are polarized, so this cancellation is not immedi-
ately useful. Note, though, that at the cost of experi-
mental overhead, it would be possible to effectively un-
polarize the DC field by averaging over m.J states. We
do not consider such averaging here.

For the above cases where unpolarized fields were con-
sidered, results are the same whether or not one consid-
ers hyperfine structure. For the case of polarized Stark
shifts, as we consider here, results depend on the par-
ticular |F,mF) level in question. Trapped ion experi-
ments have demonstrated stray field compensation be-
low 2.4 V/m [35], which we use for our calculations. DC
Stark shifts in the X;0" manifold are much larger from
adjacent rotational levels than from states in the X5l
manifold. The [ X107, v =0,J =0,F =1/2,mp =1/2)
has a shift of -3.7 mHz, and because of a near cancel-
lation the | X107, v =8,J =1,F =1/2, mp = 1/2) state
has a shift of 0.12 mHz. The transition between F' = 1/2
states additionally has the advantage of having no elec-
tric quadrupole moment.

Spectroscopy states within the X;07 ground state are
also relatively immune to large Zeeman shifts due to a
lack of orbital or spin angular momentum. The remaining
effects produce shifts on the order of a nuclear magneton.
The effective Zeeman Hamiltonian can be written in as:

Hz = grunB-1+ grupB-R + gsupB- S (4)

TABLE II: Other Shifts from Electric Fields®

Effect Ground Excited Diff. o/ fos
Light Shift <1075 <1075 <1075 <1074
DC Stark -0.21 0.01 0.22 0.51

Quadrupole 0 0 0 0

& Electric field shifts for a 2.4 V/m field. All values in mHz except
the final column, the fractional uncertainty divided by 1018,

The three interactions originate from the proton nu-
clear spin, rotational and electron spin magnetic mo-
ments interacting with a magnetic field B, where gy, g,
and g, are the associated g factors. Here we assume mag-
netic field instabilities are linearly polarized along the z
direction, B,. The matrix elements for each interaction
are adapted from [23] and the total expected Zeeman
shifts are presented in Table III, where we assume mag-
netic field control at the level of 3 nT uncertainty [36].
The first order proton nuclear spin interaction will have
a differential shift of 21 mHz. The second order shift,
calculated from the off-diagonal terms in F, depends on
the strength of the nuclear-spin rotation interaction, sig-
nified by the coupling constant: c¢y. A smaller c; will lead
to stronger mixing of F states. Because this constant was
not calculated, we assume a conservative value of 10 kHz,
based on the c¢; value of 100 kHz measured in the much
faster rotating OH molecule [37]. The second order Zee-
man shift is almost two orders of magnitude smaller than
the first order shift: 0.18 mHz.

The rotational magnetic moment arises from the
charged nuclei rotating. The electrons adiabatically
rotating with the nuclei create an equal magnitude
magnetic moment in the opposite direction. However,
rotational-electronic coupling leaves behind a residual
magnetic moment [38, 39]. A |J = 0) state does not pos-
sess a rotational magnetic moment, so we only concern
ourselves with the |X;07,v = 8,J = 1) state. Given the
similar reduced mass, equilibrium bond length and iso-
electronic structure, we use the rotational g factor mea-
sured for the antimony hydride (SbH) molecule, g, ~
—0.001 [40]. This yields a first order Zeeman shift of 34
mHz. Due to the large rotational splitting, off-diagonal
elements in J can be ignored. Off-diagonal coupling in F
will lead to a second order Zeeman shift of 0.15 mHz.

Neither X51 nor X;0" possess an orbital magnetic mo-
ment, and the X;07 state will have no electron spin inter-
action to first order. However, second order rotational-
electronic couplings will cause mixing, introducing a con-
tribution from the Bohr magneton-sized magnetic mo-
ment in Xol. In certain cases, the degree of mixing
can be very strong in higher vibrational states [41, 42].
The Q-doubling in X1 is primarily caused by rotational-
electronic coupling to nearby electronic states of 2 = +1
and can therefore be used to predict the degree of mix-
ing in X107 using second order perturbation theory. In a
Hunds case (c) basis, the 2-doublet splitting for a given



TABLE III: Zeeman Shifts®

Effect f [/ fos o/ fos
First Order

Rotation 0 0 <0.2

Nuclear Spin 0 0 <0.2

Electron Spin 0 0 <0.2

Total 0 0 0.2
Second Order

Rotation 0.15 0.35 0.35

Nuclear Spin 0.18 0.42 0.42

Total 0.33 0.77 0.55

& Zeeman shifts for a 3 nT magnetic field. The first column
represents the average frequency shift in mHz. The final
columns are the fractional shift and uncertainty divided by
10~18, respectively.

rotational state J is given by:

AT,; = qJ(J +1) (5)

Assuming X,1 is uniquely perturbed by X;07", the
Q-doubling interaction strength ¢ can be approximated
as [43]:

2B?(X51|J,| X107
AFE
where J, = L+ S, AE is the spin-orbit splitting, B is
the rotational constant in X1 and:

(X21]J,| X10T) = Ju(J +1)05 (7)

We justify the use of this approximation by comparing
a measured value of q for SbH to a computed value of q
with the experimentally determined rotational constant
and spin-orbit splitting inputted into Eq. 6 [44]. The
expression is accurate to within one part in one thou-
sand, demonstrating that molecules of this kind are well-
described by Hund’s case (c¢). Because the lowest angular
momentum state in X311 is J = 1, |X;07,0=0,J = 0)
will not couple significantly to Xo1. Taking the data from
Ornellas et al. for TeHT, the B constant forv =8, J =1
is 4.68 cm~! and a AF for | X107, v = 8) - | Xa1,v = 8) of
914 cm ™!, yields an Q-doubling constant of 0.096 cm ™.
Exclusive of any coupling to additional excited states,
this results in a degree of mixing between ) = 0 and
) =1 on the order of \/iB/AE, leading to a first order
shift of 55 mHz. Similar to the previous interactions con-
sidered, the second order contribution will be suppressed
due to the large spin-orbit splitting and large rotational
constant. Therefore, we omit its contribution.

Although the first order Zeeman shifts are on the
order of 10-100 mHz, these shifts can be effectively miti-
gated by averaging over transitions with opposite shifts,

yielding an average frequency shift of f [45]. Specifically,
we consider driving transitions between the stretched
states  |X10T,0=0,J=0,F =1/2,mp=1/2) and
| X107, 0v=8J=1,F=1/2,mp=-1/2) as  well
as | X10T,0=0,J=0,F=1/2,mp=-1/2) and
| X10T,0=8,J=1,F=1/2,mpr =1/2). We note that
F =1/2in J = 1 has a g factor with opposite sign.
Using this technique, Nicholson et al. demonstrate a
fractional uncertainty in the first order Zeeman shift
of 2 x 10719, The first order Zeeman shifts can also
be eliminated by instead working with 2TeH". The
125Te has a nuclear spin of 1/2, which will produce
integer F states. Driving transitions between states of
mp = 0 will be insensitive to Zeeman shifts to first
order. The combination of second order Zeeman shifts
from Table III is 0.33 mHz. Summing the total electric
and magnetic shift uncertainties in quadrature yields a
total fractional uncertainty of 8 x 10719,

In addition to the favorable electronic properties men-
tioned above, TeH" has some additional attractive ex-
perimental features. The '39Te isotope is readily avail-
able with 34% natural abundance. TeH™ can be pre-
pared via resonance enhanced multi-photon ionization of
neutral TeH. Due to the low melting point of tellurium,
a bright and stable source of TeH can be made using
a Smalley-type source using molten tellurium [46, 47].
Also, neither 39Te nor H possesses a nuclear quadrupole
moment, leading to a simpler determination of molec-
ular constants. Lastly, '3°TeH" is a relatively heavy
ion, which is favorable for reducing second order Doppler
shifts to below the level of systematic uncertainty pre-
sented here [48]. In addition, the mass of 39TeH™ is
fairly close to that of Ba™, making this atomic ion an
ideal candidate for sympathetic cooling and quantum
logic state readout [49].

In conclusion, we have presented TeH™ as a candi-
date for setting new limits on the variation of j. TeH™
presents several favorable factors that meet a strict cri-
teria allowing for both simple and efficient state prepa-
ration and high sensitivity to u. Although the smallest
laboratory limit on the variation of x4 was performed us-
ing an atom, this limit comes at the cost of implementing
a model that relates a variation in p with a variation in
the nuclear magnetic moment [50]. In comparison, the
variation of  with vibrational frequency is more straight-
forward. The current molecular limit on the variation of
pis 5.6 x 107 /yr [51]. Optical overtone spectroscopy
on a single TeH™ ion shows extraordinary potential to
surpass these limits, with an expected reach beyond the
level of 10717,
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