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ABSTRACT

Molecular color centers with S = 1 ground states are promising candidates for quantum sensing of electric fields. These molecules have an
electronic structure similar to solid state color centers, but they allow for processing modalities that permit direct interfacing with an analyte.
Currently, it is unknown how sensitive these molecules are to electric fields and what molecular properties affect their sensitivity. We
perform density functional theory calculations to understand the impact of electric fields on the electronic structure of five nominally
tetrahedral molecular color centers exhibiting variable transition metal chemistry and ligand densities. We then extract the Stark parameters
from each of these molecules and compare them to molecular properties such as the dipole moment and inner shell stiffness and find that the
dipole moment of the molecule largely governs sensitivity. We predict that polar heteroleptic molecules may have electric field sensitivities
comparable to solid state color centers such as nitrogen-vacancy centers in diamond.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0217753

Molecular color centers (MCCs), recently discovered optically
addressable electric spin molecular qubits, show promise as a quantum
sensing platform. These molecules have been demonstrated to be
addressable with ODMR (optically detected magnetic resonance) and
EPR (electron paramagnetic resonance) and to have properties that
can be synthetically tailored."” Molecular color centers are named after
solid state color centers, as they share similar electronic structures.
Both molecular and solid state color centers have an S = 1, triplet
ground state, an S = 0, singlet excited state, and have a first excited
state energy within the optical spectrum allowing for them to be initial-
ized and read out with ODMR.™*

Electric field sensitivity of MCCs arises from a Stark effect,
whereby spectral field lines are split when exposed to an electric field.
This splitting impacts both the ground state zero field splitting as well
as the excited state energy, usually measured experimentally as the
zero phonon line.” This leads to two possible modalities for sensing.
All optical sensing, wherein an electric field couples to an optical tran-
sition, and spin-electron sensing, wherein an electric field couples to a
spin transition. The Stark effect describes the change in energy (AE) of
these states to the applied electric field (£;), applied in direction i,
where the change is due to linear coupling, Ay, from a dipolar contri-
bution and quadratic coupling, A, from the polarizability, with the £
field as

AE,‘ = —A,u,-é'i - %A(Xlglz . (1)

Electric field sensing has been demonstrated using both organic
molecules and solid state color centers by utilizing the Stark effect.
Fluorescent, dibenzoterrylene (DBT) has been shown to have a large
Stark parameter of 15 GHzm/MYV in all optical electric field sensing
experiments.® Electric field sensing has been demonstrated using
solid state color centers by utilizing the Stark effect.” Anionic dia-
mond nitrogen vacancy (NV) centers and neutral divacancies (V,
V) in silicon carbide have both been used to sense electric fields
with sensitivities of 6.6 and 10 GHzm/MV, respectively.”* These
materials host defects with a polar C;, structure yielding large linear
changes and a corresponding large Ay parameter that allows for
effective sensing of electric fields.””'" Other solid state color centers
have been explored, including tin vacancy centers in diamond,
where a nonpolar Ds; defect leads to a quadratic change in energy
with applied field."”

MCCs, while currently experimentally unstudied as quantum
electric field sensors, would operate as sensors using the same princi-
ples as solid state color centers. Although both point defects in a bulk
structure and molecules are zero dimensional, molecules can be more
controllably embedded in a flexible matrix for the creation of thin films
that directly interface the molecule with an analyte. Synthetic chemis-
try allows the structure and chemistry of these MCCs to be precisely
tuned, tailoring both properties, like spin relaxation times that are criti-
cal for qubit initialization and readout and sensitivity to external
fields."
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Here, we perform density functional theory (DFT) to understand
the electric field sensitivity of a family of 4-coordinate, near tetrahedral,
S = 1 molecules. We examine how variations in ligands, metal cation,
and symmetry impact the sensitivity to electric field (Fig. 1). One of
the included molecules is an experimentally known optically address-
able molecular qubit Cr(o-tolyl),.” Cr(norbornyl), and Mo(o-tolyl),
are both experimentally known electron paramagnetic resonance
(EPR) addressable qubits, but only Cr(norbornyl), also referred to
as Cr(nor),, is optically active.”” The remaining two qubits,
Cr(o-tolyl)sMe and Cr(o-tolyl);Me-F, have not been synthesized, but
are heteroleptic molecules similar to Cr(o-tolyl);. We examine how
changes to the rigidity and polarity of the molecules affect the Stark
parameters, calculated via changes to the first excited state energy
under electric fields of different magnitudes. We find that the dipole
moment and rigidity of the metal ligand bonds largely govern the elec-
tric field sensitivity of the molecule. The results suggest the MCCs can
be more sensitive to electric fields if they include heavier transition
metals or larger dipole moments.

In addition to contributing to changes in electronic structure that
lead to different degrees of experimental addressability, the different
metal-ligand interactions in these molecules lead to an array of inner
shell metal-ligand bond lengths (Table I). These molecules also include
a range of symmetries. Most of the molecules exhibit polar point
groups, with Cr(o-tolyl),, Cr(o-tolyl)sMe, and Cr(o-tolyl);Me-F shar-
ing the C; symmetry and Cr(norbornyl),) having C,, symmetry. We
use the C; Cr(o-tolyl), structure, which matches the experimentally
determined point group for pure Cr(o-tolyl),.'* The only nonpolar
molecule studied, Mo(o-tolyl),, has the S, point group. These changes
in point group and ligands also lead to an array of dipole moments
(Table I) defined in a coordinate system as shown in Fig. 1(a).

Our DFT calculations were performed using Vienna Ab initio
Simulation Package'” ' with projector augmented wave potentials'**’
(VASP version 6.3.2) and the PBE exchange correlation functional.” >
We used a 600 eV energy cutoff for the plane wave expansion with a
total energy convergence of 1 x 1077 eV, and the following valence
configurations: Cr(3d°4s'), C(2s*2p*), F(2s*2p°), H(ls'), and Mo
(4d°4s"). All calculations were performed on isolated molecules in a
simulation cell providing a spacing of 15 A between periodic images of
the molecule in all directions. I'-point calculations were performed
with Gaussian smearing of 0.05¢eV for the Brillouin zone integrations.
All components of the system were initially relaxed with a force

Increasing Bond Covalency

pubs.aip.org/aip/apl

TABLE I. Bond lengths (A) and dipole moments  (in units of Debye).

Average M-C
Molecule Symmetry Bondlength  u, Hy 1y
Cr(o-tolyl), G 1.99 0.043 0.027 0.008
Mo(o-tolyl), Sy 2.08 0 0 0
Cr(norbornyl), Cyy 2.02 0.002 0.002 0.001
Cr(o-tolyl)sMe G 1.98 0459 0.012 0.194
Cr(o-tolyl)sMe-F G 1.98 0456 1.421 0.750

convergence of 10~> meV A Dipole moment calculations were per-
formed with respect to the center of mass of each molecule.

Excited state (es) calculations were performed using the ASCF
method,”** which has been shown to reliably calculate Stark parame-
ters for solid state color centers.”” We calculated the spin flip excited
state energy (El!) by subtracting the total energy of a constrained
occupancy calculation, where the electron occupying the spin-up
HOMO is promoted to the spin-down LUMO, from a standard
ground state DFT calculation. For all calculations, including the con-
strained occupancy calculations, the relaxed ground state geometry is
used. Changes in the E]! were then used to calculate the Stark parame-
ters by fitting the changes in energy to Eq. (1).

Local stiffness calculations were performed via finite displace-
ments of the central metal atoms inside the ligand cages using a
method similar to that employed by Amdur et al.”® The potential
energy is calculated as U = U + 1 (Ar)"H(Ar), where Uy is the refer-
ence potential energy, Ar is the finite displacement vector from the
equilibrium position, and H is the matrix of the second order polyno-
mial terms approximating the Hessian. Finite displacements were eval-
uated on a 5x5x5 grid about the equilibrium position in
increments of 0.01 A.

We first calculated the ground state electronic structure on all five
molecules in the absence of an electric field. All molecules have a
HOMO and LUMOs with majority d character shown via the color
map projected on to the orbital diagram, Fig. 2. Mo(o-tolyl); shows
more p-d hybridization in the spin-up HOMO and the spin-up and
spin-down LUMOs compared to the other molecules. Cr(nor), has the
largest HOMO-LUMO gaps of 2.38 and 2.51¢eV for E]! and E;Sl,
respectively, followed by Cr(o-tolyl); and Mo(o-tolyl), with 1.52eV

Increasing Dipole Moment

(a) S4)| (b) Ca] [(© A NE Al o) C.
z
Yy :
Mo(o-tolyl)s Cr(nor), Cr(o-tolyl), Cr(o-tolyl);Me | |cr(o-tolyl);Me - F
Microwave . - :
Adressable Optically Active Not Yet Synthesized

FIG. 1. Visualization of known (a) microwave addressable molecules, (b) and (c) optically addressable molecules, and (d) and (e) not yet synthesized molecules. Arrows above
the molecules indicate changes of interest to the ground state properties. The axes in (a) represent the consistent frame of reference used for all five molecules.
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FIG. 2. Quantitative molecular orbital diagrams highlighting the d-orbital character
of (a) Cr(o-tolyl)s, (b) Cr(nor),, and (c) Mo(o-tolyl)s.

(1.64eV) and 1.94eV (1.1eV) for E;J (Eg). Cr(o-tolyl)sMe and
Cr(o-tolyl)sMe-F have very similar gaps to Cr(o-tolyl), with 1.80eV
(1.60eV) and 1.77 eV (1.62 eV), respectively. EET} for all molecules fol-
low the same trend in values as ET}, with energies of 0.54, 0.60, and
0.32eV for Cr(o-tolyl);, Cr(nor),, and Mo(o-tolyl),, respectively.
Cr(o-tolyl)sMe has the same ETSl value of 0.53 regardless of fluorina-
tion. The d character of the HOMO and LUMO correlate with the
excited state energy values, with Cr(nor), showing the largest d charac-
ter and Mo(o-tolyl), showing the smallest. Visualization of the spin up
HOMO and spin down LUMO can be found in the SI.

Next, we relaxed each molecule under applied electric fields
between 0.5 and 7.5MV/cm along the x and z directions. For each
electric field direction and magnitude, we calculated E]! [Figs. 3(a)
and 3(b)]. We found a range of responses for the molecules, with Cr
(o-tolyl), showing the smallest change in E]! of —0.21 meV for a maxi-
mum electric field of 7.5 MV/cm applied along x. Cr(o-tolyl);Me-F
showed the largest change of —9.6 meV for a maximum electric field
of 7.5 MV/cm applied along z.

Equation (1) was used to extract Stark parameters from E‘I} and
are presented in Fig. 4. The change in dipole moment Stark parameter,
Ay, is very small for all but the heteroleptic molecules, Cr(o-tolyl);Me

(@o s (b)o
—~ 2 =2
>
(0]
g =4
: o 61 Mo(o-tolyl), -6 Mo(o-tolyl),
w o Cr(nor), Cr(nor),
<] -8{ e Cr(o-tolyl), -8{ @ Cr(o-tolyl),
@® Cr(o-tolyl);Me @ Cr(o-tolyl);Me
-101{ @ Cr(o-tolyl);Me-F -101{ @ Cr(o-tolyl);Me-F
0 2 4 6 8 0 2 4 6 8
€y (MVicm) €z (MVicm)

FIG. 3. Change in EL¢ with electric fields applied along the (a) x and (b) z axis.
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and Cr(o-tolyl);Me-F. As Ay is the linear Stark parameter, this
increase is also reflected in the change in the linearity of AE]! with
electric field for the heteroleptic molecules, shown in Fig. 3. This trend
contrasts with that of the change in polarizability Stark parameter, Ao,
which is very small for all molecules except Mo(o-tolyl), and Cr(nor),.
For these molecules, increased quadratic character is seen in AE]! with
electric field in Fig. 3.

In order to better understand why the Stark parameters vary
across this series of molecules, we use two descriptors, the inner shell
stiffness () and the dipole moment (y). The former quantity describes
how strongly the metal center is bound within the ligand cage, with
higher values indicating stiffer bonds. We find that x is largest for Mo
(o-tolyl); and smallest for Cr(o-tolyl), [Fig. 4(d)]. The trend between
Ao and K suggests that less tightly bound metal centers are more polar-
izable, which leads to larger quadratic change in E]! with applied elec-
tric field.

Additionally, we calculated the dipole moments for each of the
molecules and found that Au trends positively with the magnitude of
the dipole moment, indicating that more polar molecules should have
stronger linear responses to the electric field [Fig. 4(b)]. Although our
result is consistent with experimental studies of color centers in solids,
which show that nonpolar color centers exhibit quadratic responses,
we find that the most important factor contributing to the electric field
response is the magnitude of the dipole moment. This differs from the
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FIG. 4. Calculated Stark parameters, Au (a) and Ae (c), for the x and z directions
for all studied molecules. Dotted lines in (a) and (c) indicate I|terature Stark parame-
ters for the diamond NV center’ and the Sn vacancy center,'” respectively.
Variation in (b) Ag with 1 and (d) Ao with « for all molecules. « is equivalent for Cr
(o-tolyl)4 and its homoleptic variants. Dashed lines are a linear fit for (b) and a qua-
dratic fit for (d).
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experimental emphasis placed on the point group of the color center
controlling the electric field coupling parameter.””

Additional work is needed for MCCs to be used in devices as sen-
sors. One possible applications of these molecules is to sense electric
fields from two dimensional ferroelectrics, such as InZSe327’28 and
MoTe,,”” in which switchable polarization has been demonstrated in
few-layer samples. Current electrometry tools, such as piezoelectric
force microscopy and its local hysteresis measurements, are used to
perform such measurements. It is often challenging to assess if these
materials are ferroelectric, because the local-probe measurements are
difficult to perform and can suffer from artifacts arising from extrinsic
electrostatic contributions.”’ New tools are needed to more accurately
map electric fields from these materials. MCCs, like those presented
here, present a potential solution. As with solid state color centers, cou-
pling these molecular crystals to a photonic cavity may allow for
enhanced emissions and more precise sensing.”' "

For MCCs to be employed as sensors for 2D ferroelectrics, they will
need to be diluted in a diamagnetic material and processed into thin films
to be interfaced with the analyte. Molecules in these films at far distances
from the analyte will behave similarly to isolated molecules, with only the
additional impacts from the chosen matrix. In the near and intermediate
ranges to the analyte, the properties of the MCCs will be influenced by
nonelectric field interactions with the surface. The impact will primarily
be steric changes to the molecular structure, which will impact the zero
phonon line even with no external electric field. A challenge with using
these molecules as sensors for electric fields near the surface of the analyte
will be separating physical, chemical, and electric field contributions to
changes in the magnetic sublevels of the MCC. These impacts will likely
vary with the thickness of the molecular film, decreasing with increasing
sensor-analyte distance until the point that they represent a negligible,
smaller than resolution, contribution to the change in energy. Another
consideration is how the host matrix will affect the symmetry of the mol-
ecule once it is embedded. Experiments have shown that the symmetry
of the molecule can change and could have a sizeable effect on the Stark
parameters. Future studies are needed to understand how electrical,
chemical, and mechanical interactions from proximity to the surface
affect the molecule. Tunable responses or differential experiments may
be needed to appropriately calibrate the sensors and determine sensitiv-
ity. Another factor to consider when experimentally utilizing these mole-
cules is the optical linewidth of the various transitions. For use in sensing,
molecules will need narrow optical linewidths, typically <500 MHz,* so
future work should focus on understanding the effects of the molecule’s
chemistry and structure on optical linewidth.

In summary, we found that small electric fields quadratically
change the excited state energy of molecules with small dipole
moments. Such fields cause a linear change in the excited state energy
of molecules with large dipole moments. Although a polar molecule is
required for the linear Stark effect to be observed, a polar point group
without a large dipole exhibits a quadratic response to an electric field.
We find that decreased metal-ligand rigidity leads to a larger change in
the quadratic Stark parameter, Ao, while increased dipole moments
lead to larger changes in the linear, Ay, response. These molecules are
shown to be attractive candidates for electric field sensors particularly
when nanoscale interfacing with the analyte is necessary. Further work
is needed to optimize the electric field coupling parameter of the mole-
cules and understand how the sensitivity changes when interfaced with
analytes.

ARTICLE pubs.aip.org/aip/apl

See the supplementary material for visualizations of the HOMO
and LUMO levels.
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