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ABSTRACT: We demonstrate by use of continuous wave- and pulse-
electron paramagnetic resonance spectroscopy on oriented single crystals of
magnetically dilute Yb™ ions in Ybg g Lug o(trensal) that molecular entangled
two-qubit systems can be constructed by exploiting dipolar interactions
between neighboring Yb™ centers. Furthermore, we show that the phase
memory time and Rabi frequencies of these dipolar-interaction-coupled
entangled two-qubit systems are comparable to the ones of the corresponding

single qubits.

B INTRODUCTION

The current emergence of quantum technologies, within the
second quantum revolution, ™ is based on the exploitation of
genuine quantum properties of matter, such as superposition
and entanglement, to develop new technologies such as
quantum computing, simulators, communications, sensing,
metrology, cryptography, and imaging. In particular, the
realization of a general purpose quantum computer“_8 (QQC)
is currently one of the most ambitious technological goals.”"
QCs will outperform classical computers (quantum advantage)
for some specific types of computations, such as prime number
factorization,"’ large database search,'> or the accurate
simulation of quantum many-body systems."* Thus, QCs will
transform searching and sharing information and will have a
disruptive impact on innovation in materials and chemicals
with applications in energy (magnets, batteries, and super-
conductors), agriculture (efficient and sustainable fertilizers)
and biomedicine and biotechnologies.

Very recently, superconducting and photonic quantum
processing units (QPUs) were announced to have attained
quantum advantage.14_16 However, even these very impressive
QPUs cannot efficiently address practical problems related to
quantum error correction.'” Thus, it is anticipated that future
general purpose QCs will not be solely based on super-
conducting or photonic qubits but will require additional, or
entirely different, components offering more eflicient ways to
fight against quantum error.

Molecular magnetic materials offer possibilities to circum-
vent some of these limitations and therefore constitute a very
promising avenue for the next-generation quantum informa-
tion technology devices."®™** Unlike many other candidates,
molecular magnetic materials routinely display many low
energy states compatible with the encoding of qubits and even

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

acting as integrated quantum processors, the additional levels
providing the capability to expand the dimension of the
computational space or to efliciently encode quantum error
correction algorithms.”*™* The critical parameter for the
suitability of such materials for use in quantum information
devices is the phase memory time, T, reflecting the time for
which the state in which information is encoded retains its
phase coherence.®® Decoherence,’® the interaction of the
quantum system with its environment, results in loss of
superposition and/or entanglement, collapsing the dynamic
state of the system to its thermal equilibrium static
eigenvectors.

The primary strategy to reduce decoherence in molecular
magnetic materials consists in magnetic dilution to reduce
magnetic dipolar exchange. Other approaches include isotopic
enrichment to modify the nuclear spin composition of the
environment or chemically engineered systems displaying
magnetic clock transitions.”” However, as previously noticed,”’
there is an apparent intrinsic fundamental contradiction
between the need for magnetic dilution in order to preserve
the coherent magnetic properties and the need for the
individual qubits not to be entirely isolated from each other,
in order to allow implementation of two-qubit gates that are
necessary for the execution of quantum algorithms via
universal sets of single- and coupled-qubit gate operations.”>*”
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B RESULTS AND DISCUSSION

Lanthanide (Ln) complexes are a rather unexplored but very
interesting class of molecular spin qubits.”***>%?%374%%! gome
of us have previously demonstrated that the ground Kramers
doublet of the °F,, ground term of the trigonal Yb(trensal)**
is an excellent electronic qubit.”* Yb(trensal) is also a
prototypical coupled electronic-qubit—nuclear-qudit where
efficient quantum error correction algorithms can intrinsically
be implemented.”” In these previous studies of the coherent
electronic properties of Yb(trensal), doped into the isostruc-
tural diamagnetic host Lu(trensal) to minimize dipolar
decoherence, we noticed that both the continuous wave
(c.w.)- and pulse-EPR spectra contained resonances that were
not attributable to single-ion ones and were initially assigned as
“minority sites characterized by the presence of neighboring
Yb'"' centers”.** We show herein, by use of single-crystal c.w.-
and pulse-EPR spectroscopy, that our initial assignment of
these lines was correct and demonstrate that magnetic dilution
is not incompatible with the implementation of coupled-qubit
gates. To this purpose, we probe the coherent magnetic
properties of such entangled two-qubit systems by pulse-EPR
and demonstrate the ability to coherently drive them. Such
molecular entangled two-qubit systems have been only
demonstrated for transition metal heterometallic wheels,>™*’
even presenting clock transitions,”® but never for Ln
complexes, within the context of molecular materials for
quantum information. In this latter case, an example of a family
of heterodinuclear Ln complexes exists where two-qubit gates
were proposed within the same molecule, by exploitin§ the
difference of g-factors of the two different Ln centers,*’ and
thus not between independent 4f qubits. However, there is a
growing number of reports on pulsed-EPR of pairs of Gd™
ions, particularly by DEER spectroscopy.”” "

Yb(trensal), as other members of the Ln(trensal) family,
crystallizes in the P3¢l space group (Table S1) as large pencil-
shaped crystals in which the Yb™ ion and the apical tertiary
amine nitrogen atom define the molecular C; axis which is
coincident with the crystallographic C; axis(Figure S1).*>*7>7
Two different molecular orientations are found along the
trigonal crystallographic axis, corresponding to a relative
rotation of two Yb(trensal) molecules by 48° around the C,
axis (Figure S2). However, the axial nature of Yb™ centers in
Yb(trensal) imposes that these two different molecular
orientations are magnetically equivalent when the applied
magnetic field is oriented along the trigonal axis or normal to
it. Furthermore, the combination of the C; axis and of the
inversion center (Figure S3) generates three molecular
orientations defining a plane normal to the C; axis (Figure
1), where the internuclear Yb™-Yb™ distance vectors, R,
between each of the Yb™ centers in this plane and the one at
the origin, make an angle of = 78.8° with the C; axis. These
five, in total, sites define the first-neighbor sites in the crystal
structure of Yb(trensal).

In previous cw.- and pulse-EPR and NMR studies of
Yb(trensal) diluted in Lu(trensal),”**>** we accurately
determined the static parameters of the Hamiltonian of
Yb(trensal), both within ligand field"* and effective ground
doublet**” models. In particular, for a ground Kramers
doublet effective electronic spin-half model, the Hamiltonian
has the form

A= /‘ngg + SAT + pfzz (1)

8.154 A

Figure 1. Depiction of first-neighbor sites, within a Cartesian
reference frame, in the crystal structure of Yb(trensal), where
Yb(trensal) is depicted as a sphere (insert), for simplicity.

including electron Zeeman, hyperfine, and nuclear quadrupolar
terms, with yp being the electron Bohr magneton, B being the
external magnetic field of magnitude By, § being the g-tensor, A
being the hyperfine interaction tensor, and p being the nuclear
quadrupolar parameter. The natural composition of Yb
encompasses the isotopes '6707174176Yh of which '7'Yb
(14%) and 'Yb (16%) possess a nuclear spin (I = 1/2 and
5/2, respectively). The determined parameters for the trigonal,
non-interacting Yb'™ centers in Yb(trensal) were g, = 2.93, g =
429, A, = 00748 cm™Y, 'A; = 0.111 cm™!, A, =
—0.0205 cm™', 1A = —0.02993 cm™!, and '*p = —0.0022
em™1?"*>* These parameters are obtained by modeling
contributions from isolated Yb™ centers to the EPR spectra
and not from sites where two Yb" centers are first neighbors.
Thus, these parameters alone cannot reproduce a number of
weaker lines of the c.w.- and pulse-EPR spectra, such as, for
example, the ones illustrated in the highlighted regions of the
c.w.-EPR spectra of Figure 2, for Yb(trensal) diluted in the
isostructural Lu(trensal) at the 1% level [Yb o Luggo(trensal),
1, as determined by ICP-MS (Supporting Information
section)]. In c.w.-EPR, the intensity ratio of the “single-ion”
versus “coupled” lines is given by the probability ratio that Yb™
occupies one or both of two neighboring sites, this ratio being
1% for 1. Given the axial nature of the Hamiltonian describing
Yb™ in 1, the “single-ion” resonances should present no
angular dependence for magnetic field orientations normal to
the C; axis (intense lines in Figures 2 and 3 and S4—S8).
Similarly, resonances originating from coupled Yb" centers
where both centers are located on the C; axis (Figure 1)
should also present no angular variation for orientations of the
magnetic field normal to the C; axis (Figures 3 and S8),
assuming that the interaction between the Yb™ centers is
purely of magnetic dipole character. The magnetic dipole
interaction between two Yb'! centers is given by’
GR®RE) |
3= 2= JgpL + Dip

=g
391 02 2
R IRI 2)

]dip =
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Figure 2. X-band c.w.-EPR spectrum of an oriented single crystal of 1
with the magnetic field along (top) or perpendicular to (bottom) the
C; axis and simulations of the contributions from various isotopes of
Yb. The highlighted areas indicate lines originating from dipolar
interaction-coupled neighboring Yb(III) centers.

with R being the internuclear distance vector, 1 being the unit
matrix, and Jg, and ljdip being the zeroth- and second-order

contributions to the spin—spin interaction, respectively. Thus,
in the case that R is along the C; axis (Figure 1) and B is
normal to the C; axis, given the axial nature of g of Yb" in 1,
the interaction energy between the two Yb™ centers is constant
for any orientation of B normal to the C; axis (Figures 3 and
S8). In contrast, when Ris at an angle 6 = 78.8° (or for any 6

# 0°) with the C; axis (Figure 1), rotating B in the plane
normal to the Cj axis results in an angular dependence of the
resonance fields that for 1 should present a 60° periodicity
(Figures 3 and S5—S7). The magnetic dipole interaction

tensors for two interacting Yb™ centers for which the
internuclear vector R is along the C; axis ( g | lfg) or at an

angle 6 = 78.8° with the C; axis (Ddip, ]iso) are

12 0 0
DE=lo0 120 |10, =-5310"cm™
0 0 -24
-190 -07
and DY, = |0 —06 0 102 em™, J? =29107 em™
-07 0 133

The total Hamiltonian, I:IT, for a pair of interacting Yt
centers is the sum of Hamiltonians (1) for each center and an
interaction Hamiltonian, IfIdip, including terms relative to the
interaction energy expressed in (2). Thus

H,=H + H, + Hdip (3)

with ﬁdip = SJdip S,. Diagonalization of the matrix representa-

tion of (3) with the previously mentioned single-ion and
exchange parameters in the basis spanned by a Yb"" center with
I, = 0 interacting with a Yb'™ center with I, = 0, 1/2, or 5/2
(matrix dimension of 4, 8, or 24, respectively) located on the
C; axis or at an angle @ = 78.8° to it results in the reproduction
of all the observed resonances of 1 (Figure 3 and S5—S8) that
cannot be attributed to isolated Yb'™ sites. It is remarkable that
the detailed angular dependence of the observed single-crystal
spectra for a rotation of the external magnetic field in the plane
normal to the C; axis can be obtained by considering only the
point dipole magnetic interaction and with the use of no free fit
parameters.

In previous studies,”* we observed that the echo-detected-
field-swept (EDFS) X-band single-crystal pulse-EPR spectra of
Ybyg o, Luge;(trensal) displayed relative intensities for the

1=0 : ¢ o ,$+20
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Figure 3. Angular variation of the X-band c.w.-EPR spectrum of 1 in the plane perpendicular to the C; axis and at 15 K, with 6 being the angle of
the internuclear distance vector R and the C; axis (experiment in shades of gray and simulations of bands arising from dipolar interactions in color).

C

https://doi.org/10.1021/jacs.2c10902
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10902/suppl_file/ja2c10902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10902/suppl_file/ja2c10902_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10902/suppl_file/ja2c10902_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10902?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c10902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

resonances originating from coupled Yb™ sites with respect to
the single-ion ones that were similar to the corresponding
relative intensities of the c.w. spectra (Figure S9). Thus, since
the EDFS spectra are weighted by the echo intensity, this
points to T,s for the coupled-site resonances similar to the
ones of the single-ion ones. This observation prompted us to
study in detail the coherent properties of these coupled-site
resonances in single crystals of 1. These single crystals display
narrow enough linewidths for the purpose of this study and
originate from the same batch as the ones where the
unambiguous attribution of the nature of these lines by c.w.-
EPR has been performed. X-band EDES spectra were recorded
on oriented single crystals of 1, with B in the plane normal to

the C; axis or parallel to it and the microwave field El
perpendicular to B (Figure $10), by the use of a Hahn echo®’
pulse sequence (m/2—7—r—7—echo). All the observed features
in these EDFS spectra can be assigned to resonances from
single-ion and coupled Yb™ sites, in full consistency with the
cw.-EPR spectra.

The coherent spin dynamics of single- or coupled-qubit
sites, represented by eigenstates involved in the observed
resonances, was probed by their corresponding T,. For
coupled sites, resonances originating from two interacting
Yb™ centers with I = 0 were targeted because of their higher
intensities resulting from the abovementioned natural
abundances of Yb isotopes. T,s were determined by
monitoring the time evolution of the intensity of the Hahn
echo, obtained by the sequence #/2—7—m—7—echo, at
magnetic fields corresponding to the resonance field of a
given transition for B parallel or perpendicular to the C; axis
(Figures 4 and S12, S14). The obtained T,,s show that the
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Figure 4. T, (solid) and T, (hollow) for single-ion (circles) and
coupled (triangles) Yb(III) sites at different temperatures and
magnetic fields for BylIC; and B,LC;.

Yb™-coupled sites display similar coherent quantum dynamics
to the single-ion ones (Tables S3 and SS). Furthermore, the
determined T,;s are essentially temperature-independent up to
about 20 K, whereupon they become T,-limited (Figure 4).
The longitudinal relaxation times T}, corresponding to each of
these resonances, were determined by the inversion recovery
sequence 7—7 —x/2—7—n—7—echo (Figures 4, S11, S13 and
Tables S2 and S4). Interestingly, the temperature dependence
of T, shows that at higher temperatures, Raman processes
drive T| relaxation (T, @ T~°) for both single-ion and coupled

Yb™ sites. At lower temperatures, the temperature dependence
of T, for coupled sites suggests a phonon-bottlenecked direct
process (T, a T~%), while no change in regime is discerned for
single-ion sites. These observations are in good agreement with
our previous pulse-EPR studies on T of single-ion sites where
only Raman processes were shown to be relevant in the
investigated temperature range (3.3—20 K).24 However, in
previous single-crystal SQUID magnetometry T studies of Yb
(trensal), we showed that T, is governed by a phonon-
bottlenecked direct process at low temperatures, while at
higher temzperatures, there is a regime change to Raman
relaxation.”” These observations demonstrate the ability of
pulse-EPR to provide very detailed deconvoluted information
on relaxation dynamics. It has to be noted here, however, that
the phonon bottleneck effects observed in the SQUID
measurements could also be due to the different crystal sizes
or magnetic fields used.

The ability to coherently drive the dynamic states
corresponding to each of the observed resonances was probed
by transient nutation experiments (Figure S and S15—S22).
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Figure S. Dipolar exchange-coupled (top) and single-ion (bottom)
microwave-power-dependent Rabi oscillations for a crystal of 1
oriented with ByLC; (left) and corresponding Fourier transforms

(right).

The observed oscillations of the probed echo intensity
correspond to Rabi oscillations, as demonstrated by their

linear dependence on attenuation and thus magnetic field (El)
amplitude (Figures S23 and S$24). The observed Rabi
frequencies are of the order of magnitude of tens of MHz,
which is in good agreement with the expected ones, given by

@(5, mg + 1|§ilS, mg) which is of the order of 50g MHz,

with B, being the amplitude of the microwave field (of the
order of 10 Gauss at zero attenuation), g being the g-factor of
the probed levels, and h being the Planck constant. The
corresponding gate times (time at the first minimum of the
Rabi oscillations) are of the order of 10 ns, thus much shorter
than T,. The observed Rabi frequencies corresponding to
single-ion transitions are smaller by a factor of 1.3 (BIIG,) to
1.4 (BLC;) with respect to resonances attributed to coupled
Yb™" sites (Tables S6 and S7). This is in good agreement with

the theoretical ratio of /2, corresponding to the ratio of
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transition matrix elements (S, mg + 1|§¢|S’ mg) for S = 1/2 or
1, for the single-ion or coupled Yb™ sites, respectively. Thus,
the experimentally determined ratio of Rabi frequencies
unambiguously confirms the nature of the observed resonances
as assigned by c.w.-EPR. More importantly, the observation of
Rabi oscillations confirms the possibility to coherently drive
the dipolar interaction-coupled sites.

At low magnetic fields (B, < jdip), the eigenvectors for two

coupled Yb™ sites are of the form

1) = elt?) + altl) + all1) — ell])

2) = —%(Im —um)

3) = —%(Im +101))

l4) = —alt1) + eltl) + ell1) + alll)

with a > & (Tables S8—S12). While 12) and I3) correspond to
the Iy ™) and lp*) Bell states, respectively, [1) and 14) only
resemble, albeit closely, the ly*) and lp~) Bell states,
respectively. Such states presenting a high degree of
entanglement (maximum in the case of Bell states) are
necessary for the implementation of universal quantum gates
comprising a series of single-qubit rotations and a two-qubit
gate, such as, for example, the controlled NOT gate. The
ability to factorize these states to direct product states, such as,
for example, 11)" = IT)I1); 12) = ITHIL); 13) = 11)I11); and 14)" =
[1)11), could be implemented by applying the magnetic field to
a general orientation where various Yb'" sites can differ in the
g-value. Another possibility is the application of local electric
fields to each independent Yb™ site that would affect the g-
factor of each site independently, leading to the factorization of
the entangled wave functions, as in the case of previously
reported heterodinuclear Ln complexes.”®*"*

However, the EPR experiments presented herein were
performed at high magnetic fields (B, > fdip) where the

difference in exchange interaction in different spatial directions
is very small compared to the applied magnetic field. Thus, the
spin—spin interaction becomes effectively isotropic with
corresponding eigenvectors (Tables S8—S12) tending to

|1 - |l«l«>; |2 / |w+>, |3>// — |W_>; |4 V= |TT>

and thus to the eigenvectors of the isotropic exchange. Thus,
manipulation of Bell-like states for the systems presented
herein is only possible at much lower frequencies than the ones
used herein.

In conclusion, we demonstrate herein that magnetic dilution
is not inherently contradictory with the construction of
molecular entangled two-qubit systems that can be coherently
manipulated with Rabi frequencies of the same order of
magnitude as the corresponding single qubits.
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