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ABSTRACT

The time-reversal and spatial parity violating interaction of the nuclear magnetic quadrupole moment (MQM) of the 175Lu and 176Lu nuclei
with electrons in the molecular cation LuOH+ is studied. The resulting effect is expressed in terms of fundamental parameters, such as
quantum chromodynamics angle θ̄, quark electric dipole moment (EDM), and chromo-EDM. For this, we have estimated the magnetic
quadrupole moments of 175Lu and 176Lu nuclei and calculated the molecular constant that characterizes the interaction of the MQM with
electrons in the considered molecules. Additionally, we predict the hyperfine structure constants for the ground electronic state of LuOH+.
In the molecular calculations, both the correlation and relativistic effects including the Gaunt interaction have been considered. According
to the calculated expressions in terms of the fundamental constants, we conclude that LuOH+ can be a promising system to measure the
nuclear MQM.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0028983., s

I. INTRODUCTION

The study of the time-reversal (T) and spatial parity (P) vio-
lating forces inside the nucleus is of key importance to test exten-
sions of the Standard Model of elementary particles. According
to the CPT theorem, all the observable phenomena must be sym-
metric with respect to the combined CPT-transformation, where
C is the charge conjugation. This statement was verified in the
recent experiments with an uncertainty lower than 1 ppb.1 There-
fore, T-violation implies necessarily also CP-violation. As it was
shown by Sakharov,2 CP-invariance violation is one of the three
necessary conditions to explain the baryon asymmetry of the Uni-
verse, also known as matter–antimatter asymmetry. Investigation of
CP-violation in nature is closely related to the explanation of the
predominance of baryon matter, which is called “one of the great

mysteries in physics”3 and cannot be explained within the Standard
Model.

The nonzero value of the electric dipole moment (EDM)
of a system (e.g., a free particle) with nonzero spin S would
imply violation of both T- and P-symmetries. This is a conse-
quence of the Wigner–Eckart theorem, where the mean value of
the EDM vector should be proportional to the mean value of the
spin vector. However, the dipole moment vector is P-odd and T-
even, while the spin vector is P-even and T-odd. The EDM of a
system can serve as an indicator of the T,P-symmetry violation
and can be induced by different T,P-odd interactions inside this
system.

In the second half of the twentieth century, it was realized
that atoms and molecules with heavy atoms are very promising sys-
tems to search for the T,P-invariance violation effects.1,4 Indeed,
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the best constraints on the electron electric dipole moment (eEDM)
have been established in the molecular experiment using the neu-
tral 232ThO molecule.5 A very sensitive experiment to search for the
electron EDM has also been performed using the trapped 180HfF+

molecular cations.6

The present study is devoted to another source of CP-violation,
the nuclear magnetic quadrupole moment (MQM). It is induced
by CP-violating internal nuclear interactions and unlike the eEDM
therefore can serve as an indicator of the CP-invariance viola-
tion in the hadron sector. As it is shown below, the nuclear
MQM is determined by the CP-violating parameters of the Stan-
dard Model, such as (i) vacuum angle θ̄, the free parameter of
the theory, which can have an arbitrary value from the inter-
val (−π;π) but due to unknown reasons is extremely close to
zero, and (ii) u- and d-quarks chromo-EDM, which are analogs
of the electric dipole moment for strong interactions. Therefore,
the MQM measurement can be used to determine these parame-
ters, which are currently unknown. It is important to note that in
deformed nuclei like 175Lu and 176Lu considered in the present study,
MQM has collective nature and is enhanced by an order of mag-
nitude.7 According to the Standard Model and popular quantum
chromodynamics (QCD) θ-term model, the MQM contribution is
several orders of magnitude greater than the electron EDM con-
tribution.8 Within the Standard Model, MQM arises due to the
CP-violating phase in the quark mass matrix.9 However, the main
goal of the MQM measurement is the search for physics beyond
the Standard Model including the test of unification theories. For
example, axion dark matter produces an oscillating θ-term,10 and
therefore, a MQM experiment may be used to search for dark
matter.11

The symmetry violating nature of MQM can be seen12 by isolat-
ing the MQM term in the multipole expansion of the vector potential
A produced by a steady current inside a nucleus in the Coulomb
gauge (∇, A) = 0. This procedure leads to the following expression
for MQM tensor components:

Mi,m = −∫ (riϵmnp + rmϵinp)jnrpd3r, (1)

where j is the vector current density. At the same time, MQM
should be proportional to the only irreducible rank-2 tensor Ti ,k
constructed from the total angular momentum I of the system,
Ti,k = IiIk + IkIi − 2

3 I(I + 1)δik. By comparing these expressions,
one concludes that MQM violates both T and P symmetries. If
we consider a paramagnetic atom or a molecule with nonzero
electronic angular momentum, the electrons of the system pro-
duce a magnetic field interacting with MQM. This interaction
mixes states of opposite parity and generates atomic or molecular
EDM.

The basic principle of the MQM experiment is similar to the
principle of the existing molecular EDM and Schiff moment exper-
iments. The molecule is polarized in some lab frame electric field,
and a Ramsey measurement is performed between two spin states
in an applied magnetic field. The hypothetical T,P-violating shifts
appear on top of the measured Zeeman shift. The separation from
the Zeeman shift is achieved by changing the sign of electric field
E relative to magnetic field B, i.e., change of sign of the product
(E ⋅ B). The T,P-violating shift is proportional to E and changes
sign. The exact way this Ramsey measurement is done can vary

slightly from apparatus to apparatus. For example, in the ThO exper-
iment, the spin state is read out using polarized laser induced flu-
orescence, and in the HfF+ experiment, this is done using reso-
nant multiphoton dissociation. In a single molecular ion LuOH+

experiment, it might be possible to perform the Ramsey measure-
ment using quantum logic spectroscopy with a co-trapped Lu+

atomic ion.
Recently, it was noted13,14 that linear triatomic molecules with

heavy atoms, such as YbOH, have certain advantages to search
for T,P-violating effects over corresponding isoelectronic diatomic
molecules. In such molecules, there is a small energy gap between
levels of opposite parity due to the l-doubling effect.14 This allows
one to fully polarize them using a relatively weak electric field.
Additionally, the l-doublet can be used to suppress systematic
errors arising from magnetic fields, regardless of the electronic
state. Another feature of linear triatomics is their ability to be
cooled by the laser-cooling technique. The ytterbium monohydrox-
ide molecule has been studied by several theoretical groups.15–19 It
can be cooled to temperatures lower than 1 mK.20 This allows one
to increase the coherent time significantly and decrease the uncer-
tainty of the experiment, which is inversely proportional to this
time.

In the present paper, we study other triatomic systems—
175LuOH+ and 176LuOH+ molecular cations. They have the same
aforementioned advantages of triatomic molecules, and additional
benefits inherent to ions: long storage times are possible in an ion
trap, and a co-trapped atomic ion can be used to sympathetically
cool the molecule, as well as to initialize and read out its state using
quantum logic spectroscopy.21 The 175Lu nucleus has spin I = 7/2,
176Lu has spin I = 7, and they can therefore have the CP-violating
nuclear MQM. Natural abundance of 175Lu is 97.4%, and abundance
of 176Lu is 2.6%. However, as we see below, MQM of 176Lu is 1.4
times bigger than 175Lu. Experimentally, 175Lu and 176Lu are appeal-
ing species as the atomic ion Lu+ can be directly laser cooled and
stored under ultra-high vacuum in an ion trap.22 The molecular
ion LuOH+ could then be created by reacting the cold Lu+ with,
e.g., water or methanol. Remaining Lu+ ions can be used to sym-
pathetically cool the LuOH+ molecules. The LuOH+ molecule has a
simple electronic structure, with a single valence electron and a 2Σ1/2
ground state, which facilitates state preparation via optical pump-
ing schemes, and state detection of the molecule can be achieved by
performing resonant dissociation followed by observing Lu+ fluores-
cence, or via quantum logic spectroscopy using a co-trapped Lu+ as
a logic ion.

The T,P-violating energy shift that can be measured in LuOH+

can be induced by the MQM of the Lu nucleus. It depends on the
MQM value itself and the molecular interaction parameter WM
(see below). MQM can be further expressed in terms of funda-
mental interaction parameters. We provide both nuclear and many-
body electronic structure calculations to express the expected T,P-
violating effect in terms of fundamental interaction parameters.
According to our findings, the characteristic molecular enhance-
ment parameter WM for the LuOH+ cation appears to be 16% higher
than in the isoelectronic neutral molecule YbOH. More importantly,
MQM of 175Lu is ∼30% bigger and MQM of 176Lu is ∼70% big-
ger than MQM of 173Yb (see below). Altogether, the size of a T,P-
violating energy shift in 175

71 LuOH+ and 176
71 LuOH+ may be a factor of

two higher than in 173
70 YbOH.
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In addition, we calculate magnetic dipole hyperfine structure
(HFS) constants, the measurement of which may be used as some
test of the accuracy of the electronic structure calculation (see also a
discussion on such tests in Ref. 23).

II. NUCLEAR MAGNETIC QUADRUPOLE MOMENT
We perform calculation of MQM using the technique used in

Ref. 24. The 175Lu nucleus is deformed, and therefore, we use the
deformed oscillator Nilsson model for proton and neutron orbitals.
The formula for the contribution of a Nilsson orbital to the nuclear
MQM has been derived in Ref. 24: Mp,n = 4ΣΛMp,n

0 , where Σ and Λ
are projections of the nucleon spin and orbital angular momentum
on the nuclear axis, and Mp

0 and Mn
0 are the single-particle matrix

elements for protons and neutrons, which depend on the form of the
T,P-odd interaction (see below). Summation over nucleons gives the
following result for the 175Lu collective MQM:

M = 15Mp
0 + 32Mn

0 . (2)

MQM for 176Lu is bigger,

M = 21Mp
0 + 40Mn

0 . (3)

Note that the ratio of MQM for 176Lu and for 175Lu is approximately
equal to the ratio 1.4 of the measured electric quadrupole moments
of these nuclei presented in the tables.25 This is not accidental. Both
MQM and electric quadrupole have collective nature. In the rotat-
ing frame (frozen body frame), one extra neutron in 176Lu does not
play an important role since the number of nucleons contributing to
the collective quadrupoles is large, ∼A2/3. However, transition to the
laboratory frame adds the factor I(2I−1)

(I+1)(2I+3) , where the nuclear spin
I = 7 for 176Lu and I = 7/2 for 175Lu. The ratio of the angular factors
for 176Lu and 175Lu is 1.4. Therefore, in the present section, we only
present the results for 175Lu. The results for 176Lu may be obtained
by multiplying all numbers for 175Lu by 1.4.

For comparison, we also calculated 173Yb collective MQM,

M = 14Mp
0 + 23Mn

0 . (4)

The coefficient before the neutron contribution (equal to 23) is now
slightly different from the value in Ref. 24 (formerly 26) due to a
small contribution of deep neutron orbitals accounted for in the
present work.

We start from a contact T,P-odd nuclear potential,

VTP
p,n = ηp,n

G
23/2mp

(σ ⋅ ∇ρ), (5)

acting on the valence nucleon. Here, ρ is the total nucleon num-
ber density, G is the Fermi constant, mp is the proton mass, and
ηp and ηn are the dimensionless strength constants for protons and
neutrons (note that constants ηp and ηn in the nucleon–nucleus
potential contain weighted sum over different nucleon–nucleon
interaction constants since the nuclear density ρ contains sum over
nucleons). Using Eq. (2) and values of the single-particle matrix
elements Mp

0 = −0.76ηp ⋅ 10−34e ⋅ cm2 + 2.1dp ⋅ 10−14cm and

Mn
0 = 0.80ηn ⋅ 10−34e ⋅ cm2 + 2.1dn ⋅ 10−14cm from Refs. 24 and 26, we

obtain for 175Lu MQM,

M = (2.6ηn − 1.1ηp) ⋅ 10−33e ⋅ cm2 + (0.67dn + 0.31dp) ⋅ 10−12cm,
(6)

where dn and dp are neutron and proton electric dipole moments.
The T,P-odd nuclear potential Eq. (5) is dominated by the neutral π0
exchange between the nucleons, and the strength constants η may be
expressed in terms of πNN couplings (see details in Ref. 26),

ηn = −ηp ≈ 5 ⋅ 106g(ḡ1 + 0.4ḡ2 − 0.2ḡ0), (7)

where g is the strong πNN coupling constant and ḡ0 , ḡ1 , ḡ2 are three
T,P-odd πNN coupling constants, corresponding to the different
isotopic channels. Substitution of these ηn ,p into Eq. (6) gives

M = g(1.8ḡ1 + 0.73ḡ2 − 0.37ḡ0) ⋅ 10−26e ⋅ cm2

+ (0.67dn + 0.31dp) ⋅ 10−12cm. (8)

Constants of the T,P-odd πNN interaction ḡ and nucleon EDMs may
be expressed in terms of more fundamental T,P-violating parame-
ter, QCD constant θ̄, or EDM d and chromo-EDM d̃ of u and d
quarks.27–29 Definitions of these parameters are given by Eqs. (1)–(3)
of Ref. 30, respectively,

gḡ0(θ̄) = −0.21θ̄,

gḡ1(θ̄) = 0.046θ̄,

dn = −dp = 1.2 ⋅ 10−16θ̄ ⋅ e ⋅ cm,

gḡ0(d̃u, d̃d) = 0.8 ⋅ 1015(d̃u + d̃d) cm−1,

gḡ1(d̃u, d̃d) = 4 ⋅ 1015(d̃u − d̃d) cm−1,

dp(du,dd, d̃u, d̃d) = 1.1e (d̃u + 0.5d̃d) + 0.8du − 0.2dd,

dn(du,dd, d̃u, d̃d) = 1.1e (d̃d + 0.5d̃u) − 0.8dd + 0.2du.

The substitutions to Eq. (8) give the following results for 175Lu
MQM:

M(θ̄) ≈ 1.6 ⋅ 10−27 θ̄e ⋅ cm2, (9)

M(d̃) ≈ 0.7 ⋅ 10−10(d̃u − d̃d)e ⋅ cm. (10)

The 176Lu MQM is 1.4 times bigger, so we have coefficients 2.2
⋅ 10−10 in Eq. (9) and 1.0 ⋅ 10−10 in Eq. (10). For comparison,
according to Ref. 15 for 173Yb, coefficients are 1 ⋅ 10−10 and
0.6 ⋅ 10−10 correspondingly.
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III. ELECTRONIC STRUCTURE
A. Geometry optimization

Nuclear configuration of a triatomic molecule has three degrees
of freedom: two interatomic bond lengths and one bond angle.
According to our calculations performed in this paper, the LuOH+

cation has a linear geometry in the ground open-shell electronic
state 2Σ1/2. Taking this into account, one can determine equilib-
rium geometry parameters as a minimum point of the energy func-
tion E = E(R(Lu–O), R(O–H)). In the present paper, we have per-
formed such minimization by the numerical technique. Solution
of the electronic problem for each set of parameters R(Lu–O) and
R(O–H) arising in the optimization process has been performed
within the relativistic 4-component coupled cluster approach
with single, double, and perturbative triple cluster amplitudes
CCSD(T).31–33 The inner electrons of Lu with lowest orbital ener-
gies (1s22s22p6) were excluded from this correlation calculation,
as well as virtual orbitals with energies greater than 600 Hartree.
For comparison, the orbital energy of 3s electrons of the Lu atom,
which is the lowest active shell, is −94 Hartree. The dependence
of electronic properties on the energy cutoff was studied exten-
sively in Refs. 34 and 35. In the calculations, the Gaussian-type
basis set has been employed. The uncontracted Dyall’s CV3Z basis
set for the Lu atom36 and the aug-cc-PVTZ-DK basis sets37–39

for the oxygen and hydrogen atoms were used. Electronic struc-
ture calculations reported in this paper were performed using the
local version of the DIRAC15

40 and MRCC codes.41–43 The determined
equilibrium geometry parameters are: R(Lu–O) = 1.873(20) Å and
R(O–H) = 0.958(20) Å.

B. WM calculation
The T,P-violating interaction of the nuclear MQM with elec-

trons is described by the following Hamiltonian:

HMQM = −
M

2I(2I − 1)Ti,k ⋅
3
2
[α × r]irk

r5 , (11)

where Ti,k = IiIk + IkIi − 2
3 I(I + 1)δik, I is the nuclear spin of the

heavy nucleus, M is its magnetic quadrupole moment, α are Dirac
matrices, and r is the electron radius-vector with respect to the
heavy atom nucleus under consideration. Nucleus-dependent T,P-
violating effects may also be produced by the Schiff moment and
electric octupole moment.9,44 We do not consider them here since
for Lu and Yb nuclei (where MQM has collective enhancement) the
Schiff moment and electric octupole moment effects are two orders
of magnitude smaller than that of MQM.

The electronic part of the Hamiltonian (11) is characterized by
the molecular constant WM ,9,45,46

WM =
3

2Ω
⟨Ψ∣∑

i
(αi × ri

r5
i
)
ζ
rζ ∣Ψ⟩, (12)

where Ψ is the electronic wavefunction, index i runs over all the
electrons, index ζ means projection on the molecular axis, and
Ω is the projection of the total electronic angular momentum Je
on the molecular axis. The ground electronic state of the LuOH+

cation has Ω = 1/2. The WM constant cannot be measured but is
required for interpretation of the experimental data in terms of the
nuclear MQM. In order to test the accuracy of the obtained WM
value, we have performed calculation of the ground electronic state
hyperfine structure constants, which can be measured directly (see
below).

C. A ∥ and A � calculation

The magnetic dipole hyperfine structure of the 2Σ1/2 state is
described by the following constants:

A∥ =
μLu

ΩILu
⟨Ψ2Σ+ 1

2
∣∑

i
( ri × αi

r3
i
)
ζ
∣Ψ2Σ+ 1

2
⟩, (13)

A⊥ =
μLu

ILu
⟨Ψ2Σ+ 1

2
∣∑

i
( ri × αi

r3
i
)

+
∣Ψ2Σ

−
1
2
⟩. (14)

Here, μLu is the magnetic moment of the Lu nucleus, ILu is
its spin, and index “+” denotes the following linear combination:
a+ = ax + iay (and similarly for other vectors), where the xy plane
is perpendicular to the molecular axis. Below, we will also use the
nuclear g factor of the Lu nucleus, gLu = μLu/ILu. As one can see from
Eqs. (12)–(14), the values of WM , A∥, and A� constants are mainly
determined by the behavior of the wavefunction of the unpaired
electrons in the vicinity of the heavy atom nucleus. The considered
characteristics are examples of the so-called atoms-in-compounds
(AIC) properties.47,48 Note that correlation contributions from dif-
ferent electronic shells to AIC characteristics usually have a similar
structure.23,35 Therefore, it is possible to obtain an indirect estima-
tion of the uncertainty of the WM value by calculating the hyper-
fine structure constant.23,35,48–53 Thus, in the point nuclear mag-
netic dipole model A∥/gLu and A�/gLu parameters are independent
of the isotope considered. The hyperfine splitting constants may
be obtained by their scaling with the factor g175Lu = 0.6379 and
g176Lu = 0.452754 The A∥ and A� parameters can be used to estimate
indirectly the WM uncertainty if the value of hyperfine splitting is
measured.48,50,55

To compute matrix elements (12)–(14), the code developed in
Refs. 56 and 57 was used.

IV. RESULTS AND DISCUSSION
In order to check the convergence of the WM and hyperfine

constant values with respect to the basis set size, we have per-
formed calculations using five basis sets. The values of the consid-
ered parameters calculated using these basis sets are given in Table I
in order of the increase of the basis set quality. Note that in all
cases, Dyall’s all-electron basis sets36 (AE2Z, AE3Z, and AE4Z) were
taken in the uncontracted form. Basis sets of the aug-cc-pV(D,T)Z
family37–39 were taken in the contracted form. Inner core electrons
1s22s22p6 of Lu were excluded from these calculations. The energy
cutoff of virtual orbitals was set to 1000 Hartree in these calcula-
tions. As one can see, except the smallest basis set case, the WM
and A∥ values are weakly dependent on the basis size. According
to Table I, the increase of the basis set size on Lu from the AE3Z to
the AE4Z one with the fixed aug-cc-pVTZ basis sets on light atoms
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TABLE I. Dependence of the calculated values of the WM , A∥/gLu, and A�/gLu parameters for the ground electronic state of
175LuOH+ on different basis sets within the relativistic CCSD(T) approach; 1s22s22p6 electrons of Lu were excluded from the
correlation treatment.

Basis set on Lu36 Basis set on O and H37–39 WM , 1033 Hz
e⋅cm2 A∥/gLu (MHz) A�/gLu (MHz)

AE2Z aug-cc-pVDZ-DK −1.224 12 356 11 942
AE3Z aug-cc-pVDZ-DK −1.248 12 558 12 133
AE3Z aug-cc-pVTZ-DK −1.251 12 579 12 153
AE4Z aug-cc-pVDZ-DK −1.244 12 560
AE4Z aug-cc-pVTZ-DK −1.249 12 582

changes the WM and A∥ values by about 0.2%. The variation of
O&H basis sets with the fixed lutetium basis set also affects these
parameters less than 0.5%. Therefore, the uncertainty of the final
results due to the basis set incompleteness can be estimated to be less
than 1%.

The final calculated values of the WM , A∥/gLu, and A�/gLu con-
stants are given in Table II. The main calculation has been per-
formed using the basis set that corresponds to the uncontracted
AE3Z basis set on Lu36 and aug-cc-pVTZ-DK37–39 on light atoms.
All electrons were correlated in this calculation, and the energy cut-
off for virtual orbitals was set to 11 000 Hartree.34,35 We have also
applied the basis set correction calculated as the difference between
the results obtained using the AE4Z(Lu)&aug-cc-pVTZ-DK(O,H)
and AE3Z(Lu)&aug-cc-pVTZ-DK(O,H) basis sets employing the
CCSD(T) method with the excluded 1s22s22p6 electrons of Lu. As
one can see from Table I, the ratio A∥/A� is almost independent of
the basis set. Hence, the values of A�/gLu in Table II were obtained
by the scaling of the corresponding values of A∥/gLu with the factor
A�/A∥ ≈ 0.966.

Contribution of the Gaunt interaction has been calculated
within the AE3Z basis set for Lu and the CV2Z58 basis set for O
and H atoms. For this calculation, we have used the code, devel-
oped in Ref. 59 for atoms and generalized on the molecular case in
the present paper. For the system under consideration, the Gaunt
correction, obtained within the CCSD(T) approach, is +0.0135
⋅ 1033 Hz/(e ⋅ cm2) for WM and −25 MHz for A∥/gLu. At the Dirac–
Fock–Gaunt level, it is +0.0126 ⋅ 1033 Hz/(e ⋅ cm2) and −22 MHz,
respectively.

It can be seen from Table II that the noniterative triple clus-
ter amplitudes contribute less than 2% to the WM value and about

TABLE II. Calculated WM , A∥/gLu, and A�/gLu constants for the ground electronic
state of the LuOH+ molecular cation. The final results are highlighted in bold.

Contribution WM , 1033 Hz
e⋅cm2 A∥/gLu (MHz) A�/gLu (MHz)

Dirac–Fock −1.120 10 409 10 055
79e-CCSD −1.294 12 897 12 456
79e-CCSD(T) −1.268 12 785 12 349
Gaunt correction +0.014 −25 −25
Basis set
Correction +0.003 +3 +3
Final result −1.251 12 763 12 327

1% to the hyperfine structure constant value. Both Gaunt and basis
set corrections (see also Table I) contribute no more than 1.5%. Note
that we do not consider the finite nuclear magnetization distribution
correction contribution to the HFS constants, which can achieve sev-
eral percents.23,60 Based on this analysis, one can conclude that the
uncertainty of the calculated WM value can be estimated to be lower
than 5%.

The final WM value is about 16% higher than WM(YbOH).15,61

Note that the difference in the constants of the fundamental sym-
metry violating interactions in a neutral molecule and isoelectronic
cation can be even larger.48,62

The resulting energy shift caused by the interaction (11) can be
parameterized in the following way:46

δE = C(J,F, Ω) ⋅ ∣WMM∣, (15)

with the parameter C(J, F, Ω) dependent on the sublevel of the
hyperfine structure considered, and J and F are the rotational level
number and the total angular momenta, respectively. For the ground
and the lowest excited hyperfine structure levels, this parameter may
be estimated as 0.1.46,63,64 Thus, one can expect the energy shift
caused by CP-odd constants θ̄ and (d̃u − d̃d) in 175LuOH+ to be,
respectively,

δE(θ̄) ≈ 20 ⋅ 1010θ̄ μHz, (16)

δE(d̃u − d̃d) ≈ 9 ⋅ 1027 d̃u − d̃d
cm

μHz. (17)

Substitution of the current constraints for θ̄ and (d̃u−d̃d), taken
from Ref. 65 (∣θ̃∣ < 2.4 ⋅ 10−10, ∣d̃u−d̃d∣ < 6 ⋅ 10−27 cm), leads to the
upper limits ∣δE(θ̄)∣ ≤ 48 μHz and ∣δE(d̃u − d̃d)∣ ≤ 54 μHz. Table III
compares the sensitivities of the T,P-violating energy shift to CP-
violating parameters in LuOH+ and molecules that are currently
considered for the experimental search of T,P-violating effects. It
is assumed that the corresponding parameter (θ̄ or d̃u − d̃d) is the
only source of the CP-violation. For all systems, we set C(J, F, Ω)
≈ 0.1 in Eq. (15) for estimation of the energy shift δE. For com-
parison, Table III provides also experimentally achieved constraints
on the T,P-violating energy shifts. Note that these experiments have
been performed with spinless isotopes of heavy nuclei, where the
MQM is zero. The MQM and WM constants have also been esti-
mated for a number of other molecules.66–70 Note that the over-
all sensitivity to the mentioned CP-violating parameters for these
molecules is smaller than for the 173YbOH molecule.
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TABLE III. The values of δE/θ̄ and δE/(d̃u− d̃d) for several molecules and cations with heavy-atom nuclei (δE ≈ 0.1WMM).
For comparison, the current experimental constraints on the T,P-violating energy shift are given where available (for spinless
isotopes).

Molecule |WM |, 1033 Hz
e⋅cm2 ∣δE/θ̄∣, 1010 μHza ∣δE/(d̃u − d̃d)∣, 1027 μHz/cma |δE| (μHz)

174YbF (I = 0) 1.2b 350072

173YbF (I = 5/2) 10 5
180HfF+ (I = 0) 0.5c 7006

177HfF+ (I = 7/2) 4 2
179HfF+ (I = 9/2) 4 2
232ThO (I = 0) 1.1d 2205

229ThO (I = 5/2) 5 2
137BaF (I = 3/2) 0.4e 0.1 0.06
181TaO+ (I = 7/2) 0.45f 3 2
232ThF+ (I = 0) 0.6g

229ThF+ (I = 5/2) 3 1
173YbOH (I = 5/2) 1.1h 10 6
175LuOH+ (I = 7/2) 1.3i 20 9
176LuOH+ (I = 7) 28 12

aReferences 24 and 26.
bReferences 49, 61, and 73.
cReference 56.
dReferences 46 and 74.
eReferences 4 and 61.
fReference 75.
gReferences 48 and 56.
hReferences 15 and 61.
iThis work.

As one can see, the expected energy shift for LuOH+ is of the
same order of magnitude as the current sensitivity achieved in mea-
surements of the energy shift produced by the electron electric dipole
moment in the ThO molecule5 and an about order of magnitude
below the sensitivity of the HfF+ experiment.6 The sensitivity of this
experiment was in part limited by the achievable coherence time of
700 ms, which was due to collisions between ions. This decoherence
mechanism can be suppressed by decreasing the ion temperature,
either by direct laser cooling or by sympathetic cooling. Coherence
times as long as 10 min have been demonstrated in a single sym-
pathetically cooled ion.71 As an example, a sensitivity of 48 μHz
could be achieved in an experiment using a single LuOH+ cation,
sympathetically cooled by a laser cooled Lu+ ion, with a 30 s spin
precession time, and 100 h of averaging. Taking also into account
the large coherence time, one may expect that LuOH+ promises
to give new restrictions for the mentioned CP-odd fundamental
parameters.
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