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ABSTRACT: Multifrequency electron paramagnetic resonance spectroscopy
on oriented single crystals of magnetically dilute Gd(III) ions in
Gd0.004Y0.996(trensal) is used to determine the Hamiltonian parameters of the
ground 8S7/2 term and its phase memory time, Tm, characterizing its coherent
spin dynamics. The vanishing orbital angular momentum of the 8S7/2 term
makes it relatively insensitive to spin−lattice relaxation mediated by
magnetoelastic coupling and leads to a Tm of 12 μs at 3 K, which is not
limited by spin−lattice relaxation.

■ INTRODUCTION
We are currently experiencing the advent of quantum
technologies, as defined within the context of the “second
quantum revolution”.1−3 These emerging technologies, among
which are quantum computing, simulators, communications,
sensing, metrology, cryptography, and imaging, are based on
the exploitation of genuine quantum properties of matter, such
as superposition and entanglement. In particular, the
realization of a general purpose quantum computer4−8 (QC)
is currently one of the most ambitious technological goals9,10

since QCs will outperform classical computers (Quantum
Advantage) for some specific types of computations, such as
prime number factorization,11 search of large databases,12 and
the accurate simulation of quantum many-body systems.13

Attaining Quantum Advantage will change the way in which we
process, search, and share information and will have a
transformative impact on the development of novel materials
and chemicals with applications in energy (magnets, batteries,
superconductors), agriculture (efficient and sustainable fertil-
izers), and biomedicine and biotechnologies via the simulation
of the conformational structures of proteins, leading to the
discovery of new binding sites for custom-designed drugs or
vaccines.
Very recently, superconducting and photonic quantum

processing units (QPUs) were announced to have attained
Quantum Advantage.14−16 Although these are very impressive
and encouraging achievements, the number of qubits included
in these QPUs is still not sufficient to address practical
problems, to which purpose the estimated number of
incorporated qubits amounts to several thousands or even

millions to be able to deal with quantum error correction.17

Thus, the realization of future general purpose QCs will not be
solely based on superconducting or photonic qubits but will
require additional, or entirely different, components offering
more efficient 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 Information
technology devices.18−23 Unlike many other candidates,
molecular magnetic materials routinely display many low-
energy states compatible with the encoding of qubits and even
acting as integrated quantum processors, the additional levels
providing the capability to expand the dimension of the
computational space or to efficiently encode quantum error
correction algorithms.24−29 The critical parameter for the
suitability of such materials to be used in Quantum Information
devices is the phase memory time, Tm, reflecting the time for
which the information encoding state retains its phase
coherence.30 Decoherence,31 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. Strategies
to reduce decoherence in molecular magnetic materials include
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magnetic dilution to reduce magnetic dipolar interactions,
isotopic enrichment to modify the nuclear spin composition of
the environment, and chemically engineered systems display-
ing magnetic clock transitions (CTs). In the case of CTs, the
vanishing magnetic field derivative of the energy of the
information encoding states leads to insensitivity of the
resonance frequency with respect to fluctuations of the local
magnetic field and thus to an increased coherence of these
states, reflected in their high Tm.

32,33 Furthermore, previous
studies showed that the extent to which a quantum state is
isotropic, or of S-character, is a factor affecting its Tm. In this
context, divalent isotropic (or minimally anisotropic) d-shell
ions were studied, targeting a 2S ground term, resulting in Tms
of the order of microsecond.34

■ RESULTS AND DISCUSSION
Lanthanide (Ln) complexes are a rather unexplored but very
interesting class of molecular spin qubits.20,24,28,29,32,35,36 Some
of us have recently demonstrated that the ground Kramers
doublet of the 2F7/2 ground term of the trigonally symmetric
Yb(trensal)37 is an excellent electronic qubit.24 Yb(trensal) is
also a prototypical coupled electronic qubit−nuclear qudit
where efficient quantum error correction algorithms can
intrinsically be implemented.25 However, the orbital angular
momentum (L = 3) of the 2F7/2 term of Yb(III) limits its Tm
via spin−lattice (SL) relaxation contributions to decoher-
ence.24,37 This prompted us to study Gd(trensal) since the
ground 8S7/2 term of Gd(III) is devoid of first-order orbital
angular momentum with small high-order contributions from
excited states possessing orbital angular momentum.38 The
ground 8S7/2 term of Gd(III) mixes via spin−orbit coupling to
primarily the 6P7/2 and 6D7/2 excited states, introducing at high
order an orbital component to the ground 8S7/2 term, reflected
mainly in the splittings, and also g-factor, of c.w.-EPR spectra
of Gd(III) ions.38 However, as these excited states lie 33 000
and 40 000 cm−1 above the ground state, respectively, the
amount of orbital momentum transmitted to the ground state
is minimal, even for a relatively large spin−orbit coupling
matrix element as in Gd(III).38

The energy spectrum of the ground 8S7/2 term of Gd(III)
due to the electrostatic potential of the ligands (ligand field,
LF) and the Zeeman (ZE) interaction with the external
magnetic field, B⃗, can phenomenologically be parameterized
via the effective Hamiltonian

= + = +H H H B O Bg S
k k q k

q
k

q
k

LF ZE
,

B
(1)

where Bq
k and Ôq

k are the Stevens parameters and operators,
respectively, μB is the electron Bohr magneton, g̃ is the g-
tensor, and Ŝ the spin angular momentum operator of the
ground term. The SL interaction is mediated by vibrations that
modulate the LF via magnetoelastic coupling terms. These
terms, when considering their effect on the electronic functions
to first order in displacement, are of the form39

H
H
Ri i

SL
LF

(2)

with ∂R being the displacement of the ith neighboring atom
participating in the relevant vibration. Since ĤLF expresses the
electrostatic potential created by the ligands at the metal, it
acts only on the orbital component of the eigenfunctions of the
metal since this component expresses the charge distribution of

the metal electrons. Thus, a vanishing orbital angular
momentum component for the Ln functions leads to an
insensitivity of the Ln center to SL relaxation via eq 2. This
effect can be viewed as equivalent to magnetic CTs32 where
the resonance frequency is insensitive to local fluctuations of
the magnetic field. Here, the resonance frequency is insensitive
to local fluctuations of the LF. To assess the effect of the above
on the coherent spin dynamics of the eigenstates of the 8S7/2
term of Gd(III) in Gd(trensal), we first accurately determine
the parameters entering (1) by multifrequency c.w.-EPR
spectroscopy on single crystals and then probe the coherent
spin dynamics of the ground 8S7/2 term by pulse EPR
spectroscopy.
As previously reported,40−42 Gd(trensal), as other members

of the Ln(trensal) family,37,40−47 crystallizes in the P3̅c1 space
group as large pencil-shaped crystals in which the Gd(III) ion
and the apical tertiary amine nitrogen atom (Figure 1) define

the molecular C3 axis and both lie on the crystallographic C3
axis. Furthermore, two different molecular orientations are
found along the trigonal crystallographic axis, corresponding to
a relative rotation of two Gd(trensal) molecules by 48° around
the C3 axis (Figure S1). Gd(trensal) was magnetically diluted
in its isostructural diamagnetic host, Y(trensal), at a 0.4% level
[Gd0.004Y0.996(trensal), 1], as determined by ICP-MS (Support-
ing Information (SI) section), to minimize dipolar interactions
between paramagnetic Gd(III) centers. The c.w.-X-band EPR
spectra of 1 at 15 K, with the magnetic field parallel or
perpendicular to the C3 axis, are shown in Figure 2a,b,
respectively. A group of seven intense allowed lines centered
around “g = 2” can be observed at both orientations. In
addition, numerous lower-intensity forbidden lines, as well as
“dimer” lines, originating from Gd(III) sites where the first
neighbor is not a diamagnetic Y(III) center but rather a
Gd(III), are observed. Similar “dimer” lines have been
observed in both the c.w. and pulse EPR spectra of
Yb(trensal).24,37 Upon rotation of the crystal about an axis
perpendicular to the C3 axis, a splitting of each of the allowed
lines is observed for all orientations where the magnetic field is
not along the C3 axis orientation or perpendicular to it. This is
due to the two different molecular orientations in the crystal
(Figure S1) being magnetically inequivalent at general
orientations of the magnetic field. The angular dependence
of the single-crystal X-band c.w.-EPR spectra of 1 in a plane

Figure 1. Molecular structure of Gd(trensal) determined by SCXRD.
Hydrogens have been omitted for clarity. Color code: C, gray; N,
blue; O, red; and Gd, cyan. Thermal ellipsoids are set to 90%
probability.
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containing the C3 axis is shown in Figure 3. The determination
of the parameters entering Hamiltonian (1) was performed by
numerical fitting of the observed resonance fields by use of the
Simplex algorithm.48 Anticipating the discussion relevant to
the determination of the relative splitting of the ms sublevels of
the 8S7/2 term, we also recorded single-crystal c.w.-EPR spectra
of 1 at higher frequency (240 GHz). When resonance fields of

allowed transitions for an orientation of the magnetic field
along C3 (Figure 2a), close to it (Figure 2d), or perpendicular
to C3 (Figure 2b) are taken into account, only diagonal (k =
2,4,6; q = 0) Stevens parameters entering Hamiltonian (1), as
well as the g// and g⊥ factors, can be determined (Figure
S2a,b,d). However, the use of only diagonal Stevens
parameters fails to reproduce the spectra at intermediate

Figure 2.Multifrequency c.w.-EPR spectra on oriented single crystals of 1 at X-band and 240 GHz. Simulations were made as described in the text.

Figure 3. Angular variation of the X-band c.w.-EPR spectrum of 1 in a plane containing the C3 axis and at 15 K. The |i⟩ labels refer to the
eigenvectors given in Table S3. Simulations concern the allowed transitions.
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orientations (Figure S2c). Thus, to reproduce the observed
resonance fields at general orientations of the magnetic field,
the use of off-diagonal (q ≠ 0) Stevens parameters is required.
For this purpose, we also included in the fitting the observed
X-band allowed transition resonance fields for an angle of the
magnetic field of 20° with respect to the C3 axis (Figure S3).
This was done for one of the two magnetically inequivalent
species (Figure S1). This resulted in the best-fit parameters: B0

2

= +1.14 10−2 cm−1, B0
4 = + 4.84 10−5 cm−1, B0

6 = −6.07 10−9

cm−1, B3
4 = +5.79 10−4 cm−1, B−3

4 = −5.57 10−2 cm−1, g// =
1.992, and g⊥ = 1.985. The two off-diagonal parameters
corresponding to real (q = 3) and imaginary (q = −3) matrix
elements can be replaced by their vector sum in the complex
plane. By imposing that this vector sum is a real number, one
can reduce the number of parameters by one. Keeping the
parameters entering (1) constant, a rotation of the laboratory
coordinate frame by 52°, which is very close to 48°, which is
the angle of the relative rotation of the two magnetically
inequivalent species as defined by the C3 axis and the phenolic
oxygens (Figure S1), results in the reproduction of the
resonant fields of the other magnetically inequivalent site
(Figure 2c). Most importantly, the determined best-fit
parameters excellently reproduce the full angular variation of
the observed spectra at X-band for both allowed (Figure 3)
and forbidden (Figure S4) transitions. The resulting energy
level spectrum of the sublevels (Table S3) of the ground 8S7/2
term with the obtained best-fit parameters (Figures S5 and S6)
reveals that the smallest mS projections are lowest in energy at
zero magnetic field. To verify this result, we recorded the
temperature dependence of the c.w.-EPR spectrum at 240 GHz
(Figure S7) where significant depopulation effects can be
observed, given the splitting of the 8S7/2 term sublevels at zero
magnetic field. The temperature dependence of the observed
intensities (Figure S7) is in agreement with our assignment of
the observed transitions.
The study and exploitation by magnetic resonance

techniques of the spin dynamics of Ln coordination complexes,
and more specifically of Gd-containing ones, are a vast research
topic encompassing large research areas such as magnetic
resonance imaging,49 dynamic nuclear polarization,50−54 and
spin labeling for distance measurements,54−58 an extensive
review of which is outside the scope of this study. Thus, several
previous investigations on frozen solutions or polycrystalline
powders of Gd coordination complexes revealed that Gd(III)
centers in such complexes display relatively long relaxation
times and in some cases Tm′s of the order of tens of
microseconds. To probe the coherent spin dynamics of 1, we
measured pulse EPR spectra on single crystals of 1 at 240 GHz.
The temperature dependence of the observed echo-detected
field-swept (EDFS) spectra of 1 for an orientation of the
applied magnetic field very close to the C3 axis (Figure S8)
reveals that EDFS spectra can be recorded for temperatures as
high as 70 K. Hahn echo59 and stimulated echo60,61 sequences
were used to determine the Tm and T1 (Figures S9−S13),
respectively, of the observed EDFS transitions. The deter-
mined parameters are given in Tables S4 and S5. At the lowest
temperature (3 K), the Tm and T1 of only the highest field
transition can be determined because of the previously
mentioned thermal depopulation effects at 240 GHz. At 3 K,
we observe that the dynamic state described as a superposition
of the two lowest sublevels (ms = −5/2 and mS = −7/2) of the
8S7/2 term displays coherent spin dynamics characterized by a
T1 = 30 μs and by a phase memory time Tm = 12 μs (Table

S4). The determined Tm is among the longest observed for
purely f-electron molecular systems. By increasing the
temperature (Figure 4), Tm decreases faster than T1, indicating

that coherent spin dynamics within the studied temperature
and field range is not limited by spin−lattice-induced
decoherence. The temperature dependence of T1 is linear in
a double log plot, indicating a power law T1 = DT−m, with m =
0.44 and D = 46.4 s K−0.44, likely corresponding to a direct
process that is promoted at high magnetic fields since for
Kramers ions a direct process determined T1 is inversely
proportional to the fourth power of the external magnetic field,
B⃗.39

We have shown herein that long phase memory times can be
achieved in purely f-electron systems essentially devoid of
orbital angular momentum since local fluctuations of the LF
cannot couple via magnetoelastic coupling terms to the wave
functions of the electronic system. These results are in
agreement with previous studies on d- or f-shell molecular
systems where isotropic states, thus devoid of orbital angular
momentum, have been probed.20,34,62 Furthermore, they are
also in agreement with recent experimental and theoretical
studies63 in which we demonstrated the importance of the
magnetoelastic coupling and the role of the trigonal symmetry
to the dynamic magnetic properties of the isostructural
(displaying thus the same phonon spectrum) Yb(trensal)
complex.24 In addition, in previous coherent dynamics studies
of Yb(trensal), we have shown that the ground term displays a
phase memory time of a few hundred nanoseconds for
Yb0.07Lu0.93(trensal) at X-band, which gets T1 limited and of
the order of 0.1 μs at around 20 K. Preliminary measurements
on single crystals of Yb0.01Lu0.99(trensal) at 240 GHz (Figure
S14) show similar Tm characteristics as those previously
determined for Yb(III) at X-band.24 In the case of Gd(trensal),
the coherent spin dynamics is characterized by a Tm of 12 μs at
3 K and is still detectable at temperatures up to 70 K (Figure
S8). Based on the results obtained herein and in previous
studies,20,34,62 a general strategy for the optimization of the
coherence characteristics of molecular magnetic materials

Figure 4. T1 (red) and Tm (blue) at different temperatures. The
measurements were performed at 240 GHz and 8.89 T for a single
crystal of 1, with the magnetic field oriented as described in the main
text.
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should be based on the minimization of the partial derivatives
of all parameters entering the time-dependent Hamiltonian of
the systems.
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