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Understanding the fundamental principles of spin-electric coupling in molecules with hyperfine-
coupled electronic and nuclear spins offers a route to electric field-based molecular quantum
information. We recently addressed the electronic degrees of freedom in [Tm{N(SiiPr3)2}2]. Here, we
treat both electronic and / = 1/2 nuclear spins explicitly to investigate the possibility of electric field
control of the nuclear degrees of freedom. Furthermore, since the hyperfine coupling breaks Kramers
degeneracy and therefore spin-electric coupling arises at zeroth-order, we investigate if this the
inclusion of the nuclear spin strongly influences the overall coupling. Transitions are classified as EPR-
, NMR-, or mixed/forbidden character, revealing that EPR-like transitions couple more strongly to
electric fields than NMR-like ones, as crystal-field modulation dominates over hyperfine modulation.
The anisotropy of the electric field effect agrees with previous results, but magnetic-field orientation
dependence is suppressed by zeroth-order spin-electric coupling. Dissipative spin-dynamics
simulations show that experimentally feasible electric field strengths and relaxation times permit
coherent manipulation of both the electronic and nuclear spins, demonstrating an experimentally

viable pathway for electric field control in [Tm{N(SiiPr3)2}2].

Molecule-based quantum information processing is an emerging research
field motivated by the allure of tunable molecular qubits through the chemical
design of their ligand field and the selection of metal ions'. The presence of
multiple unpaired electronic or nuclear spins in molecular complexes enables
the realization of d-level quantum systems, also known as qudits, going
beyond that standard two-level qubit paradigm®”. This aspect of molecular
quantum information processing offers significant design advantages over
current commercial qubits, potentially reducing the footprint of quantum
chips and mitigating fidelity losses in two-qubit gates’. The d-level system can
function as multiple maximally entangled qubits, facilitating the imple-
mentation of multi-qubit gates”.

Molecular qudits are typically realised as spin multiplets, arising either
from unpaired electrons, nuclear spins, or a combination of the two via
hyperfine coupling (HFC)*™""*. The shielded nature of the nucleus results
in a significantly longer decoherence time (T,) compared to electronic
degrees of freedom, allowing quantum states to be manipulated and stored
up to several microseconds™"*. For this reason, hyperfine-coupled electronic
and nuclear spin degrees of freedom in molecules have been proposed as
building blocks for quantum technologies'*, with applications ranging from
quantum simulation®'®, to quantum sensing® and fault-tolerant quantum
computing'”™"’. Furthermore, the DiVincenzo criteria necessitate a

quantum architecture to possess a complete set of quantum gates, some of
which require more than two degrees of freedom for their implementation,
such as the controlled-NOT (CNOT) gate™. Most quantum architectures
necessitate the utilisation of multiple entangled qubits to implement these
quantum gates, which frequently serves as a source of decoherence™.
However, molecular qudits offer a promising resolution regarding their
tunable Hilbert space. Consequently, some of us have investigated the
application of inverse design to identify candidate molecular qudits capable
of executing quantum algorithms within a single molecule’. The primary
challenge lies in the ability to spectrally address each transition within the
molecular qudit without spectral crowding while maintaining adherence to
the resonator’s bandwidth; in the case of a four-level system, the rhomibicity
of the zero-field splitting spin Hamiltonian should be maximised.

In order for a qubit to be useful, it should be possible to individually
address and coherently manipulate it without affecting its neighbours. This
challenge cannot be overcome by standard techniques for molecular spin
manipulation, which are dominated by pulsed electron paramagnetic reso-
nance (EPR) and nuclear magnetic resonance (NMR) spectroscopies, since
these techniques employ oscillating magnetic fields to achieve coherent driving
and magnetic fields are not easily confined to the nanoscale. Electric field
control of molecular qubits and qudits presents a potential solution to this
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limitation owing to the ability to precisely and selectively apply electric fields at
the atomic scale, epitomised by scanning tunnelling microscopy. The micro-
scopic basis for this control strategy leverages the spin-electric coupling (SEC),
which is responsible for coupling electric and magnetic properties in
materials”. Molecular SEC effects have been observed in [Fe;O(PhCOO)s
(Py);]ClO,.py, attributed to the strong Dzyaloshinskii-Moriya antisymmetric
exchange in the Fe; system”. An elegant demonstration of SEC was also
performed at clock transitions in [Ho(W;0,8),]°~, where the applied electric
field caused a lowering of symmetry, giving rise to an additional phase at the
clock transition which sustained quantum coherence on a microsecond
timescale™”. Most recently, SEC was observed in monometallic [Mn(megtren)
X]Y, (Xand Y can be either Cland ClO,, Br and PF, or I and [, respectively)™.
Despite the absence of strong spin-orbit coupling in Mn, the high C; sym-
metry coupled to the magnetic anisotropy of the system leads to substantial
SEC whose magnitude is comparable to previously measured lanthanide
molecules with large spin-orbit coupling™”. Stronger SEC was observed for
X =1, which was attributed to its greater polarizability compared to Br or Cl;
these results echo our recent computational findings™.

While SEC relies on spin-orbit coupling”, its origin can arise from many
different physical processes, but in the case of lanthanide molecules which have
strong spin-orbit coupling, we have focussed on electric field-induced mole-
cular distortions that perturb the effective crystal field potential®. However, in
the case of half-integer spin systems, electric fields cannot generate SEC on
their own. This is due to the Kramers time-reversal invariance theorem, which
means that time-even operators (such as electric fields, or changes in the crystal
field potential) cannot have off-diagonal matrix elements between the twofold
degenerate electronic states. Therefore, in order to observe SEC in this context,
a magnetic field that breaks the time-reversal symmetry must be introduced.
This scenario was considered in our previous work®, where we observed a
pronounced dependence of SEC on the orientation of electric and magnetic
fields, leading to the conclusion that SEC is predominantly generated by
electric field-induced molecular distortions that break spatial symmetry.

In this work, we investigate the effects of the inclusion of the hyperfine-
coupled nuclear spin degrees of freedom on the SEC. Given that HFC to the
nuclear spin breaks the Kramers degeneracy, SEC may be achieved in mole-
cular qudits in zero magnetic field. As such, we investigate the modulation of
the HFC due to an applied electric field, showing that this can drive transitions
within the nuclear degrees of freedom. We determine the magnetic and electric
field orientation dependence of the SEC and show that HFC can boost SEC by
several orders of magnitude for specific field orientations, and elucidate the
symmetry dependence of the modulation of the HFC. Furthermore, we show
that SEC can be used to selectively drive transitions between hyperfine states
under realistic conditions, by simulating the dissipative spin dynamics of the
low-energy multiplet under a coherent electric field.

Methods

Computational details

The equilibrium and electric field distorted molecular geometries were taken
from our previous work where the computational methods for these opti-
mizations are detailed”. Complete active space self-consistent spin-orbit
calculations (CASSCE-SO) were performed in OpenMolcas v23.06 (adap-
ted to print the X2C decoupling matrices) for both the equilibrium mole-
cular geometry and the molecular geometries distorted by an applied electric
field. We used a minimal active space with 13 electrons in 7 orbitals to model
the 4f* electron configuration of Tm****. The electronic structure was
computed at the CASSCEF level of theory including scalar relativistic effects
using the exact two-component (SR-X2C) decomposition and spin-orbit
coupling using the AMFI approximation. Tm was equipped with the
ANO-RCC-VTZP basis set, while all other atoms were equipped with
ANO-RCC-VDZP basis sets. The resolution of identity approximation was
used to treat the two-electron integrals with the acCD auxiliary basis set”.
The X2C decoupling matrices were used to compute the HFC tensor using
Hyperion™. The crystal field parameters were obtained through the pro-
jection of the ab initio Hamiltonian onto a model crystal field Hamiltonian
using angmom_suite”.

Model Hamiltonian construction

The crystal field Hamﬂtonlan H . is constructed as a linear combination of
Stevens operators Ok of rank k and order g constructed in the total angular
momentum basis, weighted by crystal field parameters B and operator
equivalent factors 6y for even k =2, 4, 6 terms of the °F;, manifold.

Kmax  +k

=>">"6,Bj0] 1)

k=0 g=—k

The superscript ] denotes the total electronic angular momentum basis. The
electronic Zeeman Hamiltonian Hy;, is constructed from the total angular
momentum operator of the *F;,, manifold as

H{sz = upg;B g @

where yip and gy denote the Bohr magneton and Landé g-factor, respectively.
We couple the electronic and nuclear degrees of freedom with the hyperfine
interaction Hamiltonian Hyy; which is constructed from the total angular
momentum operator of the electronic degrees of freedom, the nuclear spin
operators 1, and the HFC tensor A.

Hye =323 4,01, 3

The Hyperfine interaction Hamiltonian is defined in the uncoupled basis
denoted by the superscript JI. The nuclear Zeeman Hamiltonian Hy, for the
I=1/2 nuclear spin of '® Tm is given by

Hy, = —u,8,B-1 @

where y,, is the nuclear magneton and g, = —0.462 is the nuclear g-factor®.

We subsequently diagonalize the total Hamiltonian via the unitary trans-
formation U,y

S ~ T 1 - 1 o o S
Heq = Ueq<H]CF ® ‘{I + H{EZ ® ‘{I + HﬁF + HI ® H;IZ) Ueq (5)

where the subscript “eq” indicates that this Hamiltonian corresponds to the
equilibrium molecular geometry, and 1 indicates the identity matrix of the
appropriate dimension for the J or I space in the superscript. With the same
method, we determine the crystal field and hyperfine Hamiltonians for a
molecular structure distorted by an electric field, yielding a spin Hamilto-
nian H g, completely analogous to (5), Wthh we rotate onto the equilibrium
eigenbasis through Ueq, ie. Hy, = U, H GhstU . The SEC Hamiltonian is
then represented by the difference between the equilibrium and the dis-
torted Hamiltonian in the eigenbasis at equilibrium (note that the dropping
of the JI basis notation signals that operators have been rotated into the
eigenstate basis of H, )"

HE = Hdist - Heq (6)
We note that the hyperfine-coupled eigensystem is not time-reversal
symmetric and so the ground quartet manifold comprised of the electronic
ground Kramers doublet and the nuclear spin (S ® I = 1/2 ® 1/2) is non-
degenerate. The electric field Hamiltonian H contains diagonal matrix
elements that correspond to energy shifts due to the applied electric field,
and crucially non-zero off diagonal matrix elements that correspond to SEC
between states. We define the SEC between two states |y;) and |y;) by the
magnitude of the off-diagonal matrix element in the electric field
Hamiltonian that mixes them |(u/i|ﬁ E'V/j) |
To calculate the derivative of the HFC A with respect to nuclear dis-
placements, we use a finite difference approach. We employ the analytic
linear electric field approximation model® to obtain finite differences in
molecular structure with respect to a small change in electric field for each
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Cartesian orientation of the electric field. We then perform CAS[13,7]SCF
calculations on these structures followed by calculation of the HFC with
Hyperion to obtain the HFC tensor. Thus, we can access derivatives of the
HFC Hamiltonian with respect to the electric field, V H yyp; we defer further
details to the SI.

EPR

Crystalline [Tm{N(Si'Pr;),},] was prepared according to published
procedures”. Crystals were ground using a mortar and pestle to obtain a
microcrystalline powder before being transferred to an X-band EPR tube and
flame-sealed under vacuum. Continuous wave (CW) EPR spectra of poly-
crystalline [Tm{N(Si'Pr5), } ,] were obtained at X-band (9.39113 GHz) using a
Bruker EMXPlus spectrometer equipped with a Bruker 4122-SHQ resonator.
A temperature of 5.3 K was achieved using a ColdEdge Stinger closed-cycle He
cryocooler mated to an Oxford Instruments ESRO00 cryostat. Temperature
measurement and control was handled via an Oxford Instruments Mercur-
yITC. We simulated the EPR spectra using ab initio calculated crystal field
parameters BZ and HEC constants in PHI (v3.1.6)“. The simulation used
powder integration and empirical anisotropic Lorentzian line widths of 0.5, 0.4,
and 0.03 GHz aligned to g, g, and g;, respectively.

Results and discussion

EPR

CW X-band EPR data of polycrystalline [Tm{N(Si'Pr;),},] shows a typical
spectra for a rhombic spin Se¢= 1/2 ion with each g-feature split by HFC
with the I = 1/2 nucleus (Fig. 1). Hyperfine split transitions corresponding to
g1> & and g; are centred at ~110, 210 and 610 mT. The data is in excellent
agreement with the previously published EPR data,"' though in this work we
have resolution of the hyperfine splitting of the high-field transition. The
data can be fitted using Easy-Spin® to a model Hamiltonian where we treat
the ground electronic Kramers doublet as an effective spin S.¢=1/2 and
extract the effective HFC tensor A and effective g-matrix g

I:Iﬁt = Seff 'Aeff : 1 _AungnB i+1uBB " 8eff Seff (7)

Here we assume that A.g and geg are collinear, which gives best-fit
parameters g; = 1.084(2), g, =3.027(2), g3 =5.7(5), |A;| = 300(220)MHz,
|A,] = 1072(760)MHz and |A;| = 1905(115)MHz, where parentheses on the
g-factors indicate the g-strain, and on the HFCs they indicate the anisotropic

T T T
—— Experiment
— Fit

—— Ab Initio

Normalised Intensity (arb. units)

Y

0 200 400 600
Applied Field (mT)

Fig. 1 | Experimental EPR spectrum. CW X-band EPR data of polycrystalline
[Tm{N(Si'Pr;),},] performed at 5.3 K (black). The data was fitted to Eq. (7) in Easy-
Spin (red) with good agreement between experiment and model (see text). The
simulated CW X-band EPR spectra calculated using the ab initio crystal field
parameters and hyperfine coupling constant (blue).

line broadening. The extracted parameters are in excellent agreement with
the previous data*.

Our CASSCF-SO calculations give g; =1.15, g&, = 3.67, g3 = 5.44, and
the HFC tensor calculated using Hyperion™ gives eigenvalues for the
equilibrium geometry of 357.57, —1222.05,and —1823.58 MHz for A,, A,,
and Aj;, respectively. These are in remarkable agreement with the experi-
mental values, which gives us confidence to assign the signs of the experi-
mental parameters as matching the CASSCF ones.

Spin-electric coupling of hyperfine coupled states

Previously, we have elucidated that the SEC originates from symmetry-
breaking molecular distortions induced by an applied external electric field
and is highly sensitive to magnetic field orientation as a consequence of
magnetic anisotropy’’. However, the validity of these criteria remains
unproven for systems that exhibit HFC. As mentioned above, a fundamental
distinction when considering a system with coupled electronic and nuclear
spins is that the degeneracy of the Kramers states can be broken by HFC in
the absence of a magnetic field. This is evident in Zeeman plots of the lowest
four eigenstates of the equilibrium Hamiltonian (5), which we denote as |y, )
with i =1, ..., 4 (Fig. 2a). Here, and subsequently, we define the Cartesian
axes such that x, y, z align with g;, g5, g, respectively. Intriguingly, there is an
avoided crossing at zero magnetic field between states |y, ) and |y;) witha
field along x or z, but this switches to two avoided crossings between |y, )
and |y, ) and |y, ) and |y, ) when the field is along y. This occurs because
[v,) (Iy5)) has a positive (negative) curvature along x and z, but a negative
(positive) curvature along y. Hence, there must exist an intermediate field
orientation where |y, ) and |y, ) switch from positive to negative curvature,
which results in a special turning point where the derivative of the eigenstate
energies as a function of field is zero to higher orders; for this molecule the
orientations are e, = (0,0.377,0.926) and eg = (0.977,0.211, 0). This should,
in principle, greatly enhance the effective clock protection of the associated
transitions (Figs. S12, S13, and S14)*. Interestingly, enhancing the effective
clock protection of these transitions gives rise to enhanced SEC at small
magnetic fields around the avoided crossing (Figs. S30-S35).

As previously mentioned, the inclusion of the HFC between the elec-
tronic and nuclear degrees of freedom results in a non-degenerate ground
quartet. Consequently, the magnetic field magnitude dependence of the SEC
will be intricate. We can investigate this behaviour by plotting the SEC as a
heat map in which both the electric field and magnetic field are varied in
magnitude and orientation (Figs. $24-529). When both the magnetic and
electric fields are oriented along y, we observe sharp turning-points in the
SEC at the crossing of states |y,) and |y;) (Fig. S27). Here, the SEC
decreases by approximately a factor of two, but we do not elaborate further
on this phenomena as we aim to maximise the coupling to the electric field.

To elucidate the magnetic and electric field orientation dependence of
the SEC, we analyse the SEC between all pairs of states within the ground
quartet as a function of electric field strength for all Cartesian orientations of
E and B. We start with a fixed magnetic field strength of 320 mT for
consistency with our previous work™. The results are shown in Fig. 3, where
transitions within the ground quartet are colour-coded according to the
dominant character of the transition between them: electronic/EPR-like
(red), nuclear/NMR-like (blue) and mixed (green; forbidden EPR/NMR
transitions). This classification corresponds to Fig. 2c and assigning the
dominant contribution to the eigenfunctions which become clearer in larger
magnetic fields (see Supplementary Note 2 for further details).

In most cases, we observe a significant magnetic and electric field
dependence of the SEC, with some of the couplings increasing up to two
orders of magnitude in the E,, B, case compared to our previous work™.
While the inclusion of HFC results in more complex SEC trends, the
behaviour of the EPR-like transitions remain similar to the ones we pre-
viously determined in the absence of nuclear spin (Fig. S18)*".

We observe that the SEC is generally stronger for EPR-like transitions
than for NMR-like transitions. This is expected since perturbations of the
crystal field affect electronic degrees of freedom much more directly than
nuclear spins. We can verify this rationale by comparing the derivatives of the
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Fig. 2 | Anisotropy and transition character. a Energy of the ground quartet of
states as a function of magnetic field strength for three different field orientations.
The energy is determined by the eigenvalues of H eq(5)- b The gas phase optimised
structure of [Tm{N(Si'Pr;),},]. Carbon and hydrogen atoms have been omitted

(Tm: purple; N: blue; Si: yellow, C: grey sticks; H, white sticks). ¢ An energy level
diagram (not to scale) showing the assigned EPR-like (red), NMR-like (blue), and
mixed-character (green) transitions within the ground quartet.

crystal field and HFC Hamiltonians with respect to the electric field, finding
that the latter are a factor 107 smaller than the former Supplementary Note 6.
Interestingly, the magnitude of SEC for the mixed/forbidden transitions does
not always fall in between electronic and nuclear ones (Fig. 3). In some cases,
eg E, B,, it represents the largest SEC contribution within the ground quartet,
suggesting that these classically-forbidden transitions may effectively be probed
using electric field drives; we will discuss this in more detail below.

Focussing on the dependence of SEC on the orientation of the electric
field, we generally observe smaller couplings when the electric field is
oriented along y. As discussed in our original work,” this is because the y-
axis is coincident with an approximate C, symmetry axis passing through
the Tm centre, and so the electric field-induced distortions preserve the
symmetry leading to smaller off-diagonal crystal field elements than when
distortions break the symmetry. Additionally, we observe similar trends
when we calculate the SEC for smaller, more experimentally-feasible electric
fields (Supplementary Fig. S19).

We now explore the SEC in the absence of a magnetic field, finding
that the correlation between symmetry breaking distortions and SEC
magnitude becomes even more evident (Figs. S2 and S4). Although all
transitions at |B| = 0 have mixed character, the SECs for some transitions
are two orders of magnitude smaller when the electric field is oriented
along the high-symmetry axis (E,) compared to when symmetry is broken
(E, and E,).

We can gain further insights into the trends shown in Fig. 3 by con-
sidering how the states in the ground quartet are perturbed by the Zeeman

terms in Eq. (5), which we collectively denote as H,,,. Denoting the zero-
field (|B| = 0) eigenstates and eigenenergies of Hamiltonian (5) with a “(0)”
superscript, we obtain
(WO ey D Iy H gl y)

k#m E;O) - E(rg)

WO HE YD (194 1 H el v
0
EY — E®

(W, Hzly,) ~ (p\Q[Hgly'") = >
®)

k#n

to leading order in B. The sum over k includes other states in the ground
quartet and higher excited states. The first term on the right-hand side
represents the zero-field SEC, which would be exactly zero for Kramers
systems in the absence of HFC. The second and third terms are the first-order
contributions, and due to the small energy separations within the ground
quartet entering the denominator, the zeroth-order contribution is vastly
outweighed by the first-order contributions. We find that the SEC for NMR-
like transitions is generally much smaller in zero-field than at 320 mT
(Figs. S5-S7), which is due to the smaller effect that the electric field has on the
HFC Hamiltonian than the crystal field Hamiltonian Supplementary Note 6.

The linear terms in the magnetic field in Eq. (8) can help explain some
other trends in Fig. 3. For instance, we note that NMR-like couplings are
generally smaller when the magnetic field is oriented along x, similarly to
what we discussed above for EPR-like couplings, with the exception of the
symmetry-preserving distortion E,. This occurs for the same reason as
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Fig. 3 | Spin-electric coupling anisotropy. The magnetic and electric field orien-
tation dependence of the spin electric coupling as a function of electric field strength
for each transition within the ground quartet of states. The colour of the line

indicates the type of transition: NMR-like (blue), EPR-like (red), mixed (green),
while the shape of the marker indicates the individual transition within the quartet.
The spin-electric coupling was calculated using a magnetic field strength of 320 mT.

above: when the magnetic field is along x, the electronic Zeeman interaction
does not cause significant mixing within the ground crystal field doublet,
and the first-order correction in Eq. (8) vanishes (see Supplementary Note 1
for details).

Spin-electric coupling symmetry decomposition

In our previous work, we discussed the effect of symmetry-breaking or pre-
serving distortions on the SEC™. Since we now consider both the electronic and
nuclear degrees of freedom, we can identify if the symmetry of the distortion
has a significant effect on the modulation of the HFC. We previously defined a
symmetry-adapted coordinate basis Z in which atoms related by pseudo-
symmetry are displaced in and out of phase and assigned to their irreducible
representation of the C, point group®. We define the coupling C'""(H) (in
cm™") below, which is the off-diagonal matrix element of a given Hamiltonian

H (ie. Hyp or Hyp) between states |y,,) and |y, ) that arises due to a
displacement along the ith symmetry-adapted coordinate basis mode Z;.

ATaI:IA
Vagz Ya) |

Where f]eq is the unitary operator that rotates the derivatives into the
eigenstate basis of the equilibrium Hamiltonian. The coupling for each
symmetry-adapted mode derivative is plotted and coloured according to its
assignment to the A or Birreducible representation for both the modulation
of the crystal field and the HFC (Fig. 4).

In general, modulations of the crystal field generate couplings that are
approximately two orders of magnitude larger than the couplings arising from

"™ (H) = )
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[v1) = lv,), EPR |y, ) — |y, ), mixed |y, ) — |y;)). Categorised by the sym-
metry of each modes distortion and projected into the eigenstate basis of the equi-
librium Hamiltonian with a magnetic field of B, = 320 mT.

modulation of the HFC for a given mode. However, the details of these
differences are anisotropic. When the magnetic field is oriented along z or y
(perpendicular to the N-Tm-N anisotropy axis) we observe a symmetry
dependence of the HFC terms for the transitions with EPR and NMR char-
acter (Figs. 4 and S21). However, when the magnetic field is oriented along x
(parallel to the anisotropy axis) the symmetry dependence vanishes (Fig. S20).

To elucidate this anisotropy, we can evaluate the hyperfine Hamilto-
nian derivatives when the Zeeman contribution is treated perturbatively
(Supplementary Note 1 and Supplementary Note 9). For the off-diagonal
matrix elements of the derivative of the hyperfine Hamiltonian with respect
to the ith symmetry-adapted coordinate mode we have:

9.
( (0)|Hzee|w(0))< (0)| HHFW/(O))

oH oH
Yl HFl%) Wil HFW’(O)) > B9 — E©

k#m
BH 0 0
(W12 [ () | el y'?)
Ei‘”—EE?)

-3

k#n
(10)

Analogously to the full electric field Hamiltonian treated in the same
way (Eq. (8)), the derivatives of the hyperfine Hamiltonian depend on how
the initial and final states are mixed with all other states due to Zeeman
interaction. Hence, much like for our previous work considering only the
electronic part,” the SEC arising from the HFC terms is small when mag-
netic fields are parallel to the magnetic anisotropy axis (i.e. the x-axis).
Additionally, we also observe that the presence or absence of a symmetry
effect is strongly dependent on the nature of the transition: for EPR and
NMR transitions, the average coupling generated by B symmetry modes are
atleast one order of magnitude larger than the A symmetry modes for B, and
B, (e.g. Fig. 4, top row, left and right panels), while for mixed character
transitions the difference is much smaller (e.g. Fig. 4, top row, middle panel).

This behaviour arises because distortions of A symmetry have nearly
zero contribution to mixing zero-field eigenstates of “forbidden” character.
As previously discussed, the first-order terms have a much larger con-
tribution that the zeroth-order term due to the small energy denominator.
The first-order correction sums over all other states in the system (k = 1, n),
and therefore, for the mixed/ forbidden character transition, the matrix
element which is near-zero for A symmetry is not included in the sum-
mation while this near-zero term is included in the summation for EPR/
NMR transitions (see Table S3). This is why we do not observe the sym-
metry effect for the mixed character transition, and we do for the EPR and
NMR transitions.

Electric field spin dynamics

To demonstrate the potential for coherent state manipulation using electric
fields under realistic experimental conditions, we now consider the spin
dynamics of the ground quartet under the influence of resonant electric field
pulses, in analogy to microwave field drives of pulsed EPR. The time-
dependent spin Hamiltonian is constructed as H(t) = H gt Hj cos w,t,

obtained simply by modulating the electric field Hamiltonian (6) at a fre-
quency w,;, which can be tuned to specific transitions. The time-evolution of
the spin density matrix p is determined by the master equation:

% _ _% [H(¢), p] + Dy (p) + Doc (p) (1)

ot
To make sure that our timescales are relevant, we account for spin relaxation
processes via the Lindblad superoperators” D, and D,,,., which describe
relaxation and dephasing acting on the electronic and nuclear spin, origi-
nating from spin-phonon coupling and dipolar interactions with nearby
nuclei, respectively. If the energy separation between ground and first
excited electronic Kramers doublets is sufficiently large compared to
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Fig. 5 | Electric field driven spin-dynamics. Spin-dynamics simulation of 7z-pulses for each transition in the ground quartet of [Tm(N'?),], B, =320 mT, E, =1 x 10°V m".

1

Using characteristic rates Y, and yy,,. for electronic and nuclear relaxation of 1us' and 1ms ' respectively.

thermal energy, the spin dynamics will be well-contained within the ground
hyperfine quartet on timescales relevant to coherent spin manipulation.
This condition is satisfied in [Tm{N(Si'Pr;), },] at cryogenic temperatures,
where this energy separation is ca. 500 cm™' or 700 K. Within the ground
doublet, the effect of spin-phonon interactions is then described by the
phenomenological dephasing superoperator

Del(i)):ZYel(i)mi)pm_%{i)m7i)}) (12)

where m labels the two crystal field states in the ground Kramers doublet and
i’m is the projector |m)(m|. We set the dephasing rate y, to 1us™, corre-
sponding to typical electron spin dephasing time for lanthanide molecules in
solution™,

We describe the effect of a nuclear spin bath on the Tm nuclear spin

through the phenomenological superoperator

(141, 3 {105},

which captures both longitudinal and transverse relaxation of the nuclear
spin. The operators I; are components of the nuclear spin angular
momentum operator I. We set all rates yi,c to the same value ppuc = 1ms ™,
which is typical for bath-limited nuclear spin relaxation in the solid state®.

From the energy levels at zero magnetic field (Fig. 2a), we can see that
driving frequencies will be on the hundreds of MHz scale. We simulate the
spin dynamics of the three distinct pulse types: NMR-like, EPR-like, and
mixed/forbidden using a square electric field pulse. A square pulse is an
idealised pulse in which the resonant electric field is turned on instantaneously,
remains at a constant amplitude throughout the pulse, and is instantaneously
turned off. Selective manipulation of individual transitions at zero magnetic

Dnuc (p) = E yZuc

ij=x,y,2

(13)

field can be challenging, due to several transitions being spectrally close. In fact,
when the driving frequency of the pulse is nearly resonant with multiple
transitions, population transfer mainly occurs to the state that couples most
strongly to the initial state via the electric field Hamiltonian Hj.

We can improve selectivity by applying a magnetic field to enhance the
energy separation of the states. Applying a magnetic field along x results in
asymmetric energy splitting of the upper and lower doublet of states within
the ground quartet (Fig. 2a); therefore, we set the magnetic field to 320 mT
along B,. This allows us to demonstrate coherent manipulation of each
transition within the ground quartet via a resonant 7-pulse, A 180° rotation
within the Bloch sphere where all population is transferred from an initial
state to a target state (Fig. 5), assuming an ideal initial condition where all
spin population is concentrated in a single hyperfine state. We set the
strength of the amplitude of the oscillating electric field to 10° V. m ™", which
can be easily accessed in a realistic experiment™*>"*.

Within our assumptions, the highest target population (90%) is
obtained for the EPR-like transition |y,) — |y ), which also shows the
fastest transition, needing a 7-pulse duration of ~0.4 ps. In general, typical
EPR 7-pulses driven with transverse microwave radiation occur on the 10’s
ns time scale which is orders of magnitude faster than the predicted electric
field pulse duration required. Among the transitions starting from the
ground state, the largest target population (80%) is achieved for the NMR-
like transition |y, ) — |y, ). Demonstrating, our aim to coherently mod-
ulate the nuclear degrees of freedom using an applied electric field. While
driving can be achieved also for mixed transitions, these show a consistently
lower population of the target state around 65%. However, we note that this
can be further improved by using a larger electric field strength, thereby
allowing shorter pulses which reduce the effect of dephasing and nuclear
spin relaxation, at the expense of larger frequency bandwidth. Other control
schemes based on more complex pulse sequences may also be a viable

option, such as dynamical decoupling'’*.
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We stress that, in order to access not only EPR-like but also NMR-like
and mixed/forbidden transitions experimentally, it is imperative to consider
not only the magnitude of the applied oscillating electric field but also the
magnitude of the static magnetic field. This static magnetic field determines
the energy splitting of the ground quartet states and, consequently, the
driving frequency of each transition. But furthermore, the choice of mag-
netic field also influences dephasing. This is because the equilibrium
eigenstates are not separable at small magnetic fields, and hence the
dephasing operators in Eq. (12) mix states within the ground quartet,
causing unwanted population transfer between crystal field eigenstates.
However, at larger magnetic fields, where the equilibrium eigenstates are
separable, the unwanted population transfer is suppressed (Supplementary
Fig. $23). For more details on the separability of the equilibrium eigenstate as
a function of magnetic field, refer to Supplementary Note 2.

Conclusion

We have investigated the influence of the nuclear spin on the SEC in
[Tm{N(SiiPr3)2}2] with ab initio simulations. We have found that the
molecular distortion in an electric field can modulate the HFC, thus enabling
electric field control of the nuclear spin. However, the SEC for transitions
with mainly NMR character is smaller than those with EPR character due to
the smaller geometric dependence of the hyperfine tensor compared to the
crystal field parameters. None-the-less, the dependence of the SEC on the
symmetry-breaking/preserving nature of the structural distortion is observed
in both cases. Despite the HFC enabling SEC at zeroth-order, this effect is
small compared to the coupling that arises in the presence of a magnetic
field. Time-dependent simulations of nuclear and electron spin dynamics,
accounting for decoherence and dephasing, show that application of a
magnetic field enhances the ability for coherent manipulation of selective
transitions. This is partly due to a decoupling of the electronic and nuclear
degrees of freedom in a magnetic field, but also by separating the different
resonant frequencies. This work highlights the interplay between electronic
and nuclear spins under the influence of electric field control, which will
inform the development of electro-nuclear spin qudits for quantum infor-
mation processing and quantum transduction.

Data availability
Research data is available at FigShare via https://doi.org/10.48420/
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