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ABSTRACT: Coherent light—matter interfaces are key elements for many — 5D,
quantum information processing architectures. Rare-earth ion (REI)-containing (\N

systems featuring narrow inter-configurational f —ft ransitions a re s uitable for

= N=
creating such interfaces. Recently, narrow homogeneous linewid ths (I'y) and long \E Z;\_ b
nuclear spin lifetimes (T'y,) associated with two Eu*" complexes featuring the *D, o~ u\

I, = 2.8 MHz
Taopt = 0.11 ps

— ’F, f—f transition have been reported, elucidating that REI-molecule-based 0
coherent light—matter interfaces can be obtained. In this study, we report a

homogeneous linewidth of 2.8 MHz at 4.2 K, corresponding to an optical coherence

[Eu(trensal)] —_—7F,

lifetime (T,,,) of 114 ns (0.11 ps), associated with the *D, — "F, transition of the

prototypical charge neutral Eu** complex—[Eu(trensal) ]. Moreover, we have observed long nuclear spin lifetimes (T',) up to 460
+ 80 s at 4.2 K for the complex and efficient optical pumping of hyperfine levels of the D, ground state. The results presented in
this study indicate that narrow homogeneous linewidths and long nuclear spin lifetimes could be a generic property of molecular

Eu®* complexes featuring the Dy — 'F, transition.

INTRODUCTION

The ever-increasing need for secure data transmission and fast
information processing demands the development of novel
material platforms. Consequently, platforms utilizing the
quantum nature of matter have emerged to the fore, spurring
a revolution under the ambit of quantum technologies or
quantum information processing (QIP). A quantum property
that can feature two stable states, for example, polarization of
light and orientation of magnetic moment, can be used to
create quantum bits (qubits),' provided that superposition
between the states can be created. Several material platforms
hosting spin qubits have been developed, and their utility to
process, store, and communicate information has been
demonstrated.” Examples include color centers in diamond,”~>
silicon carbide,”” and silicon;® rare-earth ion (REI) impurity
centers in host lattices;” and magneticm’11 and luminescent
molecules.'”” Among the platforms used, qubits based on
molecules'> ™" are promising in view of their scalable nature as
identical copies and the possibility of physical property tuning,
following chemical synthesis protocols. Moreover, molecules
can be organized in desirable ways adopting molecular self-
assembly principles, facilitating programmable interqubit
interactions. Consequently, spin and photonic degrees of
freedom of molecules have been utilized to create super-
position states. Molecules hosting spin degrees of freedom
have been widely studied and are classified into three
categories, namely, spin-bearing organic molecules,'”*® tran-
sition-metal con1plexes,21_29 and REI-containing com-
plexes.'"*™** On the other hand, the photonic degree of

freedom has been leveraged only recently to create spin—
photon interfaces in transition-metal'> and REI complexes.***

Europium (Eu’*) complexes are an REI-based platform
useful for QIP applications because a Eu’* center’’ in a low
symmetry environment can show the ‘D, — ’F, optical
transition with a narrow linewidth, rendering the creation of a
coherent light—matter interface. The narrow lines are
inhomogeneously broadened, and the inhomogeneously
broadened lines are composed of homogeneously broadened
lines, indicating a subset of ions in the lattice with a narrow
distribution of transition frequencies (Figure 1a). The subset
of transition dipoles (ions) placed in a nearly identical
environment is selectively identified using a laser whose
linewidth is narrower than the homogeneous linewidth (I7,).
From I'}, optical coherence lifetime (T20pt) can be estimated
using the relation I', = 1/, I', can be obtained from hole-
burning spectroscopic studies—I7, . = 2I'}, where Iy is the
spectral holewidth. Crucially, the two stable isotopes of
europium ("*'Eu and '’Eu) have nuclear spins (I = 5/2)
that lead to hyperfine interactions (Figure 1b), thereby
allowing the creation of hyperfine or nuclear spin qubits with
long coherence lifetimes (TZSpin) that can be directly read out
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Figure 1. Concepts and molecular structures. (a) Schematic representation of an inhomogeneously broadened (I;,,) optical transition composed
of homogeneously broadened (I'},) transitions. By selectively addressing a homogeneous line within the inhomogeneously broadened transition,
spectral holes can be burnt. From the holewidth, the homogeneous linewidth can be estimated, which in turn can be used to estimate the optical
coherence lifetime ( TZopt)' (b) Electric dipole-induced *Dy — ’F, transition associated with Eu’* centers in a low symmetry ligand-field
environment features narrow linewidths. The two stable isotopes of europium ('*'Eu and '**Eu) have nuclear spin (I) = 5/2; quadrupolar
interaction between the electronic and nuclear spins leads to hyperfine splitting as shown in the figure. (c) Spectral-hole burning involves
population redistribution in the ground-state HFLs, thereby nuclear spins are polarized; polarization in the +|5/2g> level is assumed in the figure.
Different spin lattice relaxation rates associated with the HFLs cause multiexponential hole decays. Molecular structures of the previously studied
(d) seven coordinate binuclear ([Eu,])** and (e) eight coordinate mononuclear ([Eu(BA)h(pip))36 Eu®* complexes. (f) Structure of the seven
coordinate [Eu(trensal)] complex studied in this work. [Eu,], [Eu(BA)],(pip), and [Eu(trensal)] complexes feature O,Cl;, O and O;N,

coordination environments, respectively.

and manipulated optically, as reported for host lattices doped
with Eu®* centers.” The presence of an excited state (D) with
sufficient lifetime ( Tlopt) and ground-state hyperfine split levels
(Figure 1b) renders Eu®'-containing systems as lambda (A)-
type quantum systems (Figure 1c). In such systems, the °D,
excited state can be used as an intermediate state to polarize
the population in one of the hyperfine levels (HFLs)—for
example, by applying two color photon pulses. Such state
preparation enables the implementation of spin-wave storage
quantum memory protocols for light, such as the atomic
frequency comb (AFC) protocol. In the context of this study,
nuclear spin polarization is observed from the spectral hole-
burning (SHB) studies, as hole burning involves redistribution
of nuclear spins in the ground-state HFLs, as schematically
shown in Figure lc, where population polarization in the +I5/
2g> level is assumed. In an ideal SHB experiment, a laser pulse
of appropriate wavelength is applied to connect one of the
ground HFLs to the °D, level. Due to this optical pumping, the
population is accumulated in the other two levels, as against
the equally populated levels prior to laser excitation. Nuclear
spin redistribution within the ground-state levels is multi-
exponential in nature due to different mechanisms and
consequent lifetimes, represented by T, in Figure Ic,
associated with the processes. The nuclear spin redistribution
rates can be obtained by studying the spectral-hole depth as a

function of time, as described in the Results and Discussion
section.

Chemistry allows the tuning of linewidth and intensity
(oscillator strength) of the °D, — ’F, transition by varying the
ligand field geometry around the Eu’* center. Additionally,
isotopically enriched Eu®, complexes, either with *'Eu or
'33Eu, can be synthesized following isotopological coordination
chemistry, enabling the preparation of Eu®* centers with
control over hyperfine splitting energies. Consequently, we
have recently demonstrated narrow °D, — “F; optical
transitions in bi->> (Figure 1d) and mono-nuclear (Figure
1e)*® Eu** complexes. In the case of the binuclear complex,
successful burning of spectral holes and consequent polar-
ization of nuclear spins in the ground-state HFLs have been
demonstrated. Remarkably, ultranarrow °D, — ’F, homoge-
neous linewidth translating as microsecond (us) optical
coherence lifetime has been observed for the mononuclear
complex. Subsequently, we have demonstrated efficient
polarization of nuclear spins in a particular HFL and storage
of photons in the mononuclear complex. Crucially, the
observation of optical coherence lifetime in the microsecond
regime in stoichiometric (undiluted) mononuclear Eu*'-
complex crystals allowed us to demonstrate controlled Eu—
Eu interactions, a step toward performing quantum gate
operations.



Scheme 1. Preparation of [Eu(trensal)]”
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“Layering acetonitrile solution of salicylaldehyde (1) above acetonitrile solution containing tris(2-aminoethyl)amine (tren, 2) and [Eu(CF;SO;)-
6H,0] yielded the C;, symmetric [Eu(trensal)] (CCDC: 2202838) as pencil-shaped crystals.
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Figure 2. Emission characteristics of [Eu(trensal)] in the solid-state. (a) Steady-state emission spectrum of [Eu(trensal)] in the crystalline state.
The inset shows the expanded spectrum in the 578—604 nm range; the D, — ’F, and the D, — ’F, transitions are labeled for clarity. The
additional peaks around the Dy — ’F; transition are transitions from the excited SD] (J =1, 2, or 3) manifold to the 7F] manifold. (b) Time-
resolved emission decay profile of [Eu(trensal)] in the solid-state monitored at 579 nm. A lifetime (Tlopt) of 354.05 ps was obtained by fitting the
data with a mono-exponential function. The inset shows the photostability of the complex upon monitoring the emission intensity at 579 m for 300
s. All experiments were performed at about 2.3 K. An excitation wavelength of 380 nm was used, as inferred from the excitation spectrum shown in

Figure SS.

The results discussed above indicate that europium
complexes are particularly promising to feature narrow
linewidths and long nuclear spin lifetimes (T'y,,). To check
the validity of the statement, we have studied a prototypical
charge-neutral mononuclear Eu®" complex—[Eu(trensal)]
(Figure 1f); trensal stands for 2,2/,2"-tris(salicylideneimino)-
triethylamine. From the spectral-hole-burning studies at 4.2 K,
we deduce a homogeneous linewidth of 2.8 MHz correspond-
ing to an about 114 ns optical coherence lifetime (Thop).
Nuclear spin lifetimes of 7 and 460 s, the longest so far
reported for molecular systems, have been observed.

METHODS

Steady-state emission and excitation spectra were recorded
using a Fluorolog-QM photoluminescence (PL) spectrometer
(Figure S1) from HORIBA Scientific working with a
continuous 75 W Xe lamp and a cooled Hamamatsu R928P
photomultiplier in TE-cooled housing. The emission and
excitation spectra were corrected for the instrumental artefacts
using the manufacturer supplied correction factors. A 400 nm
long pass filter was used to eliminate the second-order
diffracted light. Phosphorescence lifetime measurements were
performed using the same instrument and a pulsed Xe
excitation light source. Errors on lifetimes are +10%. The
studies at about 2.3 K were performed by employing a cold-

edge cold head (model number 101) connected with a
SUMITOMO F-20 closed cycle He-cryostat. The complex was
trapped in between two quartz plates and placed on the sample
holder. Temperature was measured using a Lake Shore LS-335
temperature controller.

For the cryogenic ensemble spectroscopy experiments, a
resonant excitation scheme and a home-built dipstick cryostat
were used. The Sirah Matisse 2 DX dye laser has a full-width
half maximum linewidth of about 100 kHZ and can be tuned
over a large wavelength range; the wavelength for the
experiments was adjusted at about 580 nm in order to match
the coherent D, — ’F, transition. The transmitted beam after
the laser was guided through an acousto-optic modulator
(AOM, Gooch-Housego: 3110-210) in the double pass
configuration which is responsible for creating pulse sequences
and frequency modulation. A second laser beam path was used
as a reference path and was monitored via an optical spectrum
analyzer to verify the laser frequency as well as to keep the laser
running on a single mode. After the AOM, the light was fully
fiber-coupled and guided to a small copper ferrule setup
(Figure S2) containing the sample powder. The ferrule setup
consisted of two opposing small cylindrical copper ferrules
with a diameter of 1.25 mm; each ferrule had a bore size of 300
um for the used multimode (MM) fiber with a core diameter
of 200 ym.



One of the MM fibers was pulled back by 200 ym in the
ferrule; this space served as a chamber for the sample powder.
After the sample was put inside, both ferrules were fit in a
Thorlabs ADAL4-5 mating sleeve connector and the whole
ferrule setup was attached to a copper plate at the bottom of
the dipstick cryostat. The temperature sensor was fixed next to
the ferrule setup. The dipstick cryostat can be evacuated to a
pressure of about 10™* mbar. After evacuation, the dipstick was
filled with He exchange gas and was dipped into liquid helium
reaching down to 4.2 K experimental temperature. When
exciting the sample via one fiber, the fluorescence light and the
scattered light were collected via the second fiber and were
finally guided either to a silicon photomultiplier module (SPM,
KETEK, PE3315-WB-TIA-SP) or to a spectrometer (Andor-
Shamrock-500i) to record PL spectra.

See sections S1—S4 for details concerning the preparation
and characterization of [Eu(trensal)].

RESULTS AND DISCUSSION

Preparation and Low-Temperature Spectroscopic

Studies of [Eu(trensal)]. [Eu(trensal)] is prepared following
a previously reported literature procedure,”® as depicted in
Scheme 1; see section S3 for details. Single-crystal X-ray
structure analysis of the pencil-shaped crystals of [Eu(trensal)]
revealed that the complex crystallized in the P3¢l space group
belonging to the trigonal crystal system (Figure S4 and Table
S1), as previously reported by Riley and co-workers.*
Continuous shape measure analysis*’ revealed that the Eu*
ion is placed in a C;, symmetric ligand field, and the
coordination geometry of [Eu(trensal)] is best described as a
capped octahedron with a SHAPE index of 1.344 (Table S2).

For optical spectroscopy, we study the powder of the grown
crystals compressed in a sample volume of about 4 X 107>
mm?®. The complex shows characteristic Eu**-based emission
upon excitation at 380 nm (Figure 2a) under cryogenic
conditions at about 2.3 K. The D, — ’F, transition was
observed at 579.45 nm, as well as the other D, — 7FJ
transitions. Compared to the previously studied mononuclear
[Bu(BA)],(pip) complex,®® the D, — ’F, transition is
significantly stronger in comparison to the Dy — F, magnetic
dipole transition which is independent of the ligand field. This
indicates a higher branching ratio and thus a stronger light—
matter coupling strength, which is an important aspect for
further applications. Using pulsed excitation, an excited-state
lifetime (T),,) of 354 us was obtained (Figure 2b) upon
monitoring the *Dy — ’F, emission decay at 579 nm. The
complex is photostable, as shown in the inset of Figure 2b.
More details on the emission characteristics of the complex*'
are presented in section S6 (Figures S6—S8) of the Supporting
Information.

The inhomogeneous linewidth of the coherent D, — ’F,
transition was measured by PL excitation spectroscopy at 4.2
K, using a dye laser tuned to about 580 nm. During the
measurement, the laser was actively stabilized by using a
reference cavity and its wavelength measured with a high-
precision wavemeter. The fluorescence signal was separated
from the excitation laser with a long-pass filter with a band
edge at 594 nm. The dominant emission of the Dy — 'F,
transition at about 607 nm and longer wavelengths was
observed with a SPM. Multiple spectra were stitched together,
and the resulting signal was fitted with a Lorentzian function,
yielding a center wavelength of 4 = 579.45 nm (Figure 3) and

an inhomogeneous linewidth of 91 + 0.4 GHz (full width at
half maximum).
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Figure 3. Inhomogeneous linewidth of [Eu(trensal)]. Excitation

spectrum of the complex (blue dots). A Lorentzian fit (red line) gives

a center wavelength of 4 = 57945 nm and an inhomogeneous

linewidth of 91 + 0.4 GHz.

Spectral Hole-Burning Studies. In order to measure the
homogeneous linewidth, the SHB technique was applied. In
SHB, a particular class of ions within the inhomogeneous line
is addressed and optically pumped into other nuclear spin
states. The depleted hyperfine state reveals a dip—that is, a
spectral hole—in the fluorescence spectrum. The extracted
spectral hole can be fitted with a Lorentzian function to obtain
information on the homogeneous linewidth, as described in the
Introduction section.

The pulse sequence used in all measurements consists of a
200 ms burning pulse and a 20 ms probe pulse followed by an
erasing pulse sequence of 200 pulses with a duration of 20 ms
each. In between different pulses, a delay time of 2 ms was set.
Each SHB measurement is averaged 100 times and corrected
for background. Before the final fitting, neighboring data points
are binned together to smooth the data. The narrowest
measured hole width for [Eu(trensal)] depicted in Figure 4a is
5.6 + 0.2 MHz. Approximately 50% maximal hole contrast was
observed for optimized parameters, demonstrating efficient
optical pumping of HFLs. These measurements refer to the
fluorescence signal measured by the SPM. In Figure 4b, the
measurement was taken without a filter for the excitation light,
with the intention of measuring an absorption signal in
transmission.

For such a transmission measurement, the complex reveals a
weak hole signal with a contrast of about 2% on top of a linear
background. The best result for the spectral hole width is 5.6 &
0.8 MHz and is consistent with the result of the SHB with the
fluorescence signal. It was found that lower excitation power
yielded the same spectral hole width as in the fluorescence
measurements. We note that the contrast can be increased by
optimizing the sample preparation which increases the optical
depth.

One main broadening mechanism of the homogeneous
linewidth is the incident laser power applied to drive the
optical transition. By using the same pulse sequence as applied
to the SHB but with varying power incident on the sample, we
studied the laser power dependence of the homogeneous
linewidth for [Eu(trensal)]. The dependence of the spectral
hole contrast and holewidth on the laser power are depicted in
Figure Sa,b, respectively. In this measurement, the maximum
hole contrast was about 16%, which is more than a factor of 3
lower than in the previous measurement shown in Figure 4a.
The two measurements were performed during two separate



5 0.6 ——— Measured data
Fitting result
0.5 T T T T T
-40 =20 0 20 40

Frequency (MHz)

© —— Measured data
Fitting result

-40 20 0 20 40
Frequency (MHz)

Figure 4. Homogeneous linewidth of [Eu(trensal)] obtained from SHB studies. (a) Fluorescence measurement in which the fluorescence is
collected while scanning the dye laser (blue line). Besides the central hole, one can also see side holes at +43.4 MHz and anti-holes at +14.4, 20.4,
and 36.3 MHz. A Lorentzian fit gives a central hole width of 5.6 + 0.2 MHz (red line). (b) Absorption measurement where the total transmission is
collected and normalized to a reference measurement. A hole width of 5.6 + 0.8 MHz is obtained from a fit.
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Figure 5. Laser power dependence of the homogeneous linewidth of
[Eu(trensal)]. (a) Hole contrast and (b) hole widths were measured
via SHB as a function of transmitted power.

cooldowns, and we expect slight changes in the amount and
configuration of the powder sample used in the preparation,
leading to different optical depths. Due to high scattering
losses within the powder, the resulting transmitted power was
measured on the order of 1 yW. Both the homogeneous
linewidth and the hole contrast were found to increase as a
function of the pumping power. However, the measurements
below 1000 nW transmitted power resulted in very low signal-
to-noise ratios, limiting measurements at lower powers. This
indicates that possibly even smaller hole widths can be
observed when using different measurement techniques. For
example, it is often found that photon echo measurements
yield smaller homogeneous linewidths than the ones obtained
from the SHB measurements. However, at this point, we were
not able to observe photon echoes, probably due to insufficient
optical depth of the prepared sample. This is consistent with
the small hole contrast observed in the transmission measure-
ment; see below for a discussion.

After hole burning, the hole depth will decay with time due
to spin relaxation, as schematically shown in Figure lc. To
measure the nuclear spin lifetime (Ty,), the same pulse
sequence was used as described before but with a varying time
delay between the burning and probe pulses. For each time
delay, we measure at least 10 times and take the average hole
depth value. Figure 6 shows the measured hole depth as a
function of the time delay. The result is fitted with a double
exponential function, yielding hole lifetimes of 7, =7 + 1 s and
7, = 460 + 80 s, evidencing remarkably long nuclear spin
lifetimes (Tgy,)-

Two time constants associated with nuclear spin decay have
been observed for the previously studied molecular complex-
es—[Eu,] (unenriched) and [ISIEu(BA)ZJ[(pip)].ﬁ’36 Non-
monoexponential hole/nuclear spin-decay constants were also
observed for Eu**:YSO (YSO stands for Y,SiO;), a non-
molecular Eu** system.”” The nuclear spin decay is caused by

101 ¢ —— Fitting result

¢ Measured data

°c o @9
> o o
! f L

o
N
h

Hole Depth (arb. units)

g
=}
"

10" 10" 10 10" 10

Time Delay (s)
Figure 6. Nuclear spin lifetimes of [Eu(trensal)]. Data showing the
evolution of hole depth as a function of time delay. A biexponential fit
(red line) yields nuclear spin relaxation times of 7 + 1 and 460 + 80 s.

several mechanisms—for example, energy exchange with two
level systems, direct one-phonon processes, two-step Orbach
process, and inelastic Raman scattering, as discussed in the
literature.”” The different time constants associated with each
mechanism for different HFLs (Figure 1c) could have caused
biexponential hole decays in molecular systems. However, this
tentative attribution needs to be ascertained by performing
temperature and Eu’**-concentration-dependent studies.

The above results elucidating narrow optical linewidths
associated with the prototypical [Eu(trensal)] complex and
similar results reported for [Eu,] and [Eu(BA),][(pip)]
complexes indicate that Eu®* complexes can be pursued for
creating coherent light—matter interfaces with QIP implica-
tions. In order to propose desirable molecular systems for QIP
applications, in the following paragraphs, we attempt to
establish a correlation between molecular structure and various
parameters of QIP importance—T),,, f—f oscillator strength,
Loy Tiy Toopy and Ty, (Tables 1 and S4). To do so, we have
considered the results obtained for the three molecular systems
discussed in this study as well as the Iy, I', and T, values
(Table S4) reported for stoichiometric EuCly;-6H,O and
EuP;O,, systems, as well as Eu’*:YSO, an REIl-impurity-
doped solid-state system.

Excited-state lifetime (T,,) of a Eu** complex determines
the lower limit of the homogeneous linewidth—that is, in the
absence of external perturbations, the I', is T}, limited. This
implies that having control over T, is useful to obtain T’
limited I'y. Multi-phonon relaxation pathways facilitate non-
radiative deactivation of excited states in Eu** complexes
(Figure $9)."* The C—H, O—H, and N—H vibrations (tX—H
(em™); X = C, O, or N) featuring a high anharmonicity
parameter in the vicinity of the Eu’* centers cause non-



Table 1. Experimentally Determined Excited-State Lifetimes (T),,), Inhomogeneous (I';,,)- and Homogeneous (I'})-
Linewidths, Optical Coherence Lifetimes (T,_opt), and Nuclear Spin Lifetimes (Tlspin) Associated with the Complexes

Discussed in This Study

molecule Topt )
[Eu,] 880 us (20 K) 50 GHz (1.4 K)
[Eu(BA)l,(pip) 540 us (1.4 K) 6.6 = 0.1 GHz (1.4 K)
[Eu(trensal)] 35405 us (23 K) 91 + 0.4 GHz (42 K)

“From SHB studies. “From photon echo measurements.

radiative deactivation of the D, excited state, thereby excited-
state lifetimes (Tlopt) are reduced.”* The ligand field symmetry
around the emissive Eu®* center is another parameter having a
role on the excited-state lifetime.*>~*" It is reported that a low
ligand field symmetry around Eu* increases the radiative
decay constant (k,), reducing Tyop Consequently, relatively
small T, values are expected for Eu®* centers placed in an
asymmetric ligand field environment than the ones placed in a
symmetric environment. Based on the above conceptual
framework, conclusions relating to molecular structures and
T)op are presented for the three Eu®" complexes discussed in
this study, as follows.

Top values of the complexes discussed in this study are
arranged in the following order: [Eu,] > [Eu(BA),][(pip)] >
[Eu(trensal)] (Table 1). In the cases of [Eu(BA),][(pip)] and
[Eu(trensal)], there are C—H oscillators in the close vicinity of
the Eu’* center; see structures in Figure 1d—f. On the other
hand, the C—H oscillators are relatively far away from Eu’* in
[Eu,]. Consequently, one can infer the dominant role of the
multi-phonon non-radiative deactivation mechanism in reduc-
ing the D, excited-state lifetime in [Eu(trensal)]. To ascertain
the role of symmetry and anharmonic vibrations causing
lifetime reduction, we have estimated the radiative (K,) and
non-radiative (K,,) decay constants (Table SS) of the
complexes; see previous work for details.”> The K, value
obtained for [Eu(trensal)] is greater than the ones obtained for
the remaining complexes. This indicates a faster deactivation of
the excited state in [Eu(trensal)] compared to that in [Eu,]
and [Eu(BA),][(pip)], explaining the trend in the Tyope- The
large magnitude of K, calculated for [Eu(trensal)] elucidates
competing non-radiative pathways contributing to the
deactivation of the excited state in the complex, as discussed
above. The above facets imply that ligand field symmetry and
anharmonic oscillators around Eu** go hand-in-hand in
reducing the T, of [Eu(trensal)].

From the QIP perspective, T, is a limiting factor
determining the upper bound of T,y That is, large T
values result as a narrow homogeneous linewidth with a
consequent increase in T,.,, as compiled in Table S4.
Therefore, molecular complexes with large T, are desirable
to have small T),,-limited homogeneous linewidths. The
advantage of molecular systems is the possibility of T, tuning
adopting to molecular design strategies, as exemplified in the
case of EuCl;-6H,0. By preparing the deuterated version of
the complex—EuCl;-6D,0—about 1 order of increase in T’
was 4gchieved with a consequent T, increase (see Table
S4).

The oscillator strength of the electric-dipole-induced *D, —
’F, transition is one of the defining factors determining the
strength of the light—matter interactions. One of the main
mechanisms causing the occurrence of the transition is J-
mixing—that is, the “F, ground-state wavefunction is best
described as a mixture of the ’F, ground state and other

Iy Toopt M
22 + 1 MHz (14 K)
30.2 + 0.6 kHz (1.4 K)
2.8 MHz (4.2 K)

14.5 ns (1.4 K)*
10.5 us (1.4 K)©
114 ns (4.2 K)*

1.6 + 1 and >30 s (1.4 K)
430 + 100 ms and 300 + 30 s (1.4 K)
7 + 1 sand 460 + 80 s (4.2 K)

excited states—’F, (M, = 0), for example.”® Deviation from a
centrosymmetric point group to a non-centrosymmetric point
group is shown to facilitate the J-mixing, thereby the Dy — "F,
oscillator strength in Eu®* complexes gains intensity."” The
above facet elucidates that it is possible to establish a
correlation between the ligand field symmetry and oscillator
strength of the D, — ’F, transition. Among the three
complexes discussed in this article, the Dy — ’F, oscillator
strength of [Eu(trensal)] is higher than the ones obtained for
[Eu,] and [Eu(BA),](pip) (Figure S10). The comparison
indicates that the Eu®" center in [Eu(trensal)] is placed in a
low symmetric environment relative to ones in the [Eu(BA),]-
(pip) and [Eu,]. The above statement is consistent with the
site symmetry of the complexes obtained from single-crystal X-
ray diffraction studies (Figure S11). A point noteworthy here is
that the D, — "F, transition is not allowed for the Dy, and D,
crystallographic symmetries obtained for [Eu,] and [Eu-
(BA)4](pip), respectively, from the SHAPE analysis (Figure
S11). Deformation of the coordination geometries of the
complexes to relatively low-symmetric ones could have allowed
the °D, — "F, transition to gain intensity. The assumption is in
line with the observations reported for EuCly-6H,O0—D,, and
C, geometries were inferred from the crystallographic and
spectroscopic studies, respectively.*’

An optical transition is inhomogeneously broadened (I',,;,)
mainly due to the defects and imperfections present in a crystal
lattice. The broadening is an important parameter determining
the storage density of optical quantum memories (vide infra).
In the case of Eu’":YSO, I',; as a function of doping
concentration was studied and a linear increase in I’ with
concentration was observed.*” The increase in linewidth with
increasing Eu** doping level (concentration) was attributed to
the strain caused by the Eu** dopant (impurity) in the YSO
host lattice due to the ionic radii difference (mismatch)
between the Eu** (108.7 pm) and Y** (104 pm) ions. At 7%
Eu* concentration, [, = 150 GHz was reported for
Eu’*:YSO at 2 K. The value is larger than the ones (Table
1) estimated for [Eu(trensal)], [Eu,], and [Eu(BA),]pip
complexes. Considering the stoichiometric content of the Eu®*
molecular crystals, the strain-induced broadening due to ionic
radius mismatch is ruled out for the molecular crystals. Apart
from the three complexes discussed in this study, ', values
were estimated for two other stoichiometric crystals—EuCl;-
6H,0 and EuP;0,,. The reported I';,, = 0.1 GHz and 3.5 GHz
for EuCl;:6H,0* and EuP0,," respectively, indicate the
high crystalline quality of the samples.

Based on the above discussion, we attribute the smaller I';
in the stoichiometric molecular crystals, relative the one
observed for 7% Eu*":YSO, to the absence of dopant-induced
defects in the crystal lattice. The I'y,;, within the molecular
series increases in the following order: [Eu(BA),][(pip)] <
[Eu,] < [Eu(trensal)]. The tens of GHz range I',;, associated
with [Eu,] and [Eu(trensal)] is tentatively attributed to the



inferior crystalline quality associated with the complexes
relative to [Eu(BA),][(pip)].

The inhomogeneous line broadening observed in REI-
impurity-doped host lattices and molecular complexes are
useful to obtain optical quantum memories based on the AFC
protocol. The possible selection of frequency modes within an
inhomogeneously broadened optical transition allows for
frequency multiplexed photon storage. In this context, the
Iy/I, ratio determines the maximum possible number of
modes that can be addressed within I'y;, determining the
bandwidth.** Although the I,;,/T}, ratio is frequently discussed
in the literature, Ortu et al,”’ recently proposed another
methodology to calculate the number of available modes. The
authors described that the number of available frequency
modes (N;) within an inhomogeneously broadened optical
transition depends on the sum of the frequency spacing
between the ground (Ag) and excited (Ae) HFLs and the
width of the absorption teeth (Af); see eq 1.

N; = T/2(Ag + Ae) + Af 1

Using eq 1, N; values of 179, 24, and 325 have been
calculated for [Eu,], [Eu(BA),](pip), and [Eu(trensal)],
respectively. Note, in the calculations we have used Ag + Ae
= 139.6 MHz and Af = 0.9 MHz obtained for ['*'Eu(BA),]-
(pip). This is the best possible approximation in the absence of
hyperfine splitting energetics for [Eu,] and [Eu(trensal)] and
AFC experiments. In any case, the N¢ values calculated for the
complexes follow the trend observed from the I’ /I'}, ratios
(Table S6). Importantly, the calculated N; values or T',,/T,
ratios indicate that a wide 'y, is beneficial for optical quantum
memory applications. If one considers the available bandwidth
of the memory, large hyperfine splitting between the levels is
desirable. Therefore, **Eu-enriched complexes are suitable for
the quantum memory applications, though with a compromise
on N;

The homogeneous linewidth (I',) associated with an optical
transition determines the optical coherence lifetime ( TZopt)' In
an ideal scenario, the homogeneous linewidth is determined by
the excited-state lifetime (T),,,), the lifetime of the °Dj, excited
state in the context of this study. As discussed above, T’
limited I';, can be controlled by varying the symmetry around
the Eu® center and reducing the contributions from non-
radiative deactivation mechanisms by varying isotopic
composition of ligands. Consequently, a molecular control
over the lower limit of I', and the upper limit of QIP-relevant
parameter T, can be achieved. However, T;,-limited '}, are
often not observed (see Table S4). The additional line-
broadening is caused by mechanisms such as interaction
between the REIs with lattice phonon modes, inter REI-REI
interaction (dipolar interaction), and interaction between the
REIs and the nuclear spins in a host lattice.

In the following, we refer to some case studies and attempt
to highlight various factors that can potentially contribute to
line broadening in molecular systems. The effect of J-mixing on
Tyope Was elucidated by Tanaka and Kushida for Eu®*:YS0O.**
The mixing of the "F, ground-state wavefunction with the "F,
state contributes to the reduction in T, value because J-
mixing facilitates the coupling of the D, — ’F, transition
dipole with two level systems (nuclear spin flips, for example)
and one phonon-mediated "Fy—’F; absorption processes.
From the above it can be inferred that the J-mixing mechanism
causing the increase in the *D, — F, transition probability can
also contribute to T, reduction.

Narrow homogeneous linewidths associated with the *D, —
’F, transition are reported for the stoichiometric EuCly:
6H,0" and EuP;0,,” systems. Homogeneous linewidths of
4.1 kHz (below 4 K, as reported in the original study) and 32
kHz (2 K) were estimated for EuCl;-6H,0 and EuPO,,,
respectively, from the photon echo measurements. For EuCl;-
6H,0, the experimental I, (4.1 kHz) is close to the Topt
limited one (1.37 kHz). On the other hand, for EuP;O,, the
experimentally obtained Iy (32 kHz) is 3 orders greater than
the T,,-limited one (31.82 Hz). The significant differences
between the lifetime-limited and experimental I, values
reported for EuP;O,, indicate the operation of strong
dephasing mechanisms contributing to the line broadening;
one possible mechanism could be the spin fluctuations
stemming from the nuclear spin bath associated with *'P
atoms. In the case of EuCl;-6H,0, significant improvements
on Tigp Iy and Ty, (see Table S4 for comparisons) were
achieved after deuterium enrichment (EuCl;-6D,0), implying
the role of molecular vibrations contributing to the
decoherence of the superposition states.

As far as the molecular systems discussed in this study are
concerned, we make a comparison between the I', and T,
values obtained from the SHB studies because linewidths
measured from photon echo measurements are always
narrower than the ones obtained from the SHB studies. The
fact is exemplified in the case of [Eu(BA),][(pip)]; I} = 0.1S
MHz (TZOpt = 0.91 ps) and 0.37 MHz (TZUPt = 0.37 ps) were
estimated from photon echo and SHB studies, respectively, at
4 K. Quantitatively, for [Eu(BA),][(pip)], the linewidth
estimated from SHB is 2.5 times broader than the one from
photon echo. The I}, = 2.8 MHz estimated for [Eu(trensal)] at
4.2 K from the SHB study is an order of magnitude broader
than the linewidth obtained for [Eu(BA),][(pip)] at 4 K. The
comparison indicates that the Iy depends on the temperature.
In the case of the binuclear complex—[Eu,]—I, = 22 MHz
was estimated from the SHB studies at 1.4 K, and no photon
echo data is available. To compare the I, values of the
binuclear and mononuclear [Eu(BA),][(pip)] (T, = 30.3 kHz)
complexes obtained from the SHB and photon echo studies,
respectively, at 1.4 K, we assumed a PE equivalent linewidth of
about 8.8 MHz for the binuclear complex by using the factor of
2.5 observed for the mononuclear complex. It is clear from the
above comparison that significantly broader linewidth was
observed for the binuclear complex relative to [Eu(BA),]-
[(pip)]. We attribute the difference to the presence of strong
intra Eu>*—Eu’* dipolar interactions in [Eu,] mediated by
close intra Eu**—Eu*" distances (Figure S12).

In many QIP schemes, information is stored in the hyperfine
states and readout on demand.” Therefore, long nuclear spin
lifetimes (T',) are desirable. A specific example concerns
quantum memories where long T';, are desirable because this
might lead to long Ty, (hyperfine coherence time). In the
case of a multimodal quantum network, T, in the order of
seconds are desirable, requiring long Ty, for the optical
manipulation of spins at will. The remarkable observations of
long optical coherence (TZUPt)) which is a lower bound for
Tyspins and Ty, life times in stoichiometric molecular crystals
indicate that REI-based molecular crystals could serve not only
as good qubit candidates but also as efficient optical memories.
Although we invoke the term “stoichiometric” to show that all
sites are occupied by optically active Eu®* centers, one should
consider the presence of organic ligands around the emissive



Eu®" centers, reducing the effective concentration of optically
active ions in the crystal lattice.

All optical coherent control over nuclear spins has been
demonstrated for Eu**-doped nanoparticles® and Eu**:YSO.”
As in the case of T, the presence of nuclear spin fluctuations
in the surroundings reduces the T)y,. By applying an external
magnetic field, the nuclear spin fluctuations can be frozen,
thereby Ty, and Ty, can be increased. As far as molecular
systems are concerned, the role of external magnetic field on
coherence lifetimes is yet to be demonstrated—a possibility
that can be leveraged to increase the QIP utility of molecular
complexes.

Based on the above discussion, we propose the following
molecular-design considerations to realize efficient light—
matter interactions in Eu®* complexes. It is imperative to
have the Eu** center in a low symmetric ligand-field
environment, facilitating the D, — ’F, transition to gain
oscillator strength. A minimal presence of nuclear spins in
coordinating ligands and the presence of rigid ligand
frameworks are desirable to mitigate the spin-bath and lattice
vibrations, respectively, contributing to decoherence. To
implement SHB and photon echo sequences, Eu®* complexes
featuring excited-state lifetimes (T),,) in the order of
hundreds of microseconds are desirable. Complexes with
large T’ are also desirable to obtain small lifetime-limited I'},.
This can be achieved by tuning the ligand structure, as done in
the case of EuCl;-6H,0 where deuteration (EuCl;-6D,0) is
shown to improve the T,. Apart from the above, Eu’*
complexes need to be prepared and crystallized in a
reproducible manner, and they should be stable under ambient
conditions, engendering them with practical utility. The
presence of lattice solvent is a concern. A loss of lattice
solvent is possible in some cases, reducing the quality of the
crystal by creating defects, which will increase line broadening.
Therefore, preparation of lattice-solvent-free Eu** complexes is
desirable. However, the endeavor is not entirely at the disposal
of a chemist; a systematic screening is the only possibility to
obtain lattice-solvent-free crystals. Although weak, dipolar
interactions between optically active Eu** centers contribute to
the decoherence of superposition states. The interaction can be
mitigated by diluting a Eu®* complex in an isostructural non-
emissive host lattice.®® In order to effect the dilution, an
isostructural Y** (I = 1/2) complex needs to be prepared.

The possibility of obtaining well-defined molecular crystals
with tuneable optical properties and doping concentration and
isotopic enrichment are encouraging to pursue Eu®>" complexes
as coherent light—matter interfaces. However, so far, only three
Eu®" complexes (Figure 1d—f) have been studied as coherent
light—matter interfaces. Further studies covering a range of
structurally different Eu®" complexes are necessary to elucidate
various mechanisms governing QIP-related parameters and to
probe if the narrow linewidths are a ubiquitous property of all
Eu®" complexes showing the D, — ’F, transition.

It would be also interesting to study Yb®" and Er**
complexes that emit in the near-infra-red region because
such complexes are useful for realizing molecule-based
quantum communication architectures.”>* Two recent
reports elucidate narrow optical linewidths associated with
Yb** complexes,”**® implying the utility of Ln** complexes for
creating coherent light—matter interfaces with quantum
technological implications.

CONCLUSIONS

The present study demonstrates narrow optical linewidths and
long nuclear spin lifetimes associated with the prototypical
[Eu(trensal)] complex. Similar results obtained for two other
Eu** complexes, [Eu,] and [Eu(BA),][(pip)], featuring
different coordination environments indicate that Eu’*
complexes showing the D, — "F, optical transition could be
considered as tuneable molecular platforms for implementing
QIP schemes. The presence of an excited state connected to
the ground-state hyperfine split levels renders molecular Eu®*
complexes as lambda (A)-type quantum systems. By taking
advantage of this, we have demonstrated efficient optical
pumping of HF levels of [Eu(trensal)], a central starting point
for coherent optical spin rotation and the consequent full qubit
control. Such state preparation (spin polarization) enables, for
example, the implementation of spin-wave storage quantum
memory protocols for light, such as the AFC protocol in
molecular systems, as demonstrated for [Eu(BA),][(pip)].
Additionally, by taking advantage of long T, and coherently
driving nuclear spin transitions using radio frequencies,”
molecule-based nuclear spin qubits with long spin coherence
times (TZSpin) can be prepared and manipulated, a challenging
proposal that needs be realized for molecular systems.

Overall, the results presented in this study for [Eu(trensal)],
comparisons made with the previously reported stoichiometric
Eu’’-based systems, and the consequent proposals on
molecular design requirements to enable control over the
QIP-relevant parameters—T,,, [, and I'y—can be
leveraged to obtain Eu** complexes as coherent light—matter
interfaces for QIP applications.
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