
Spectral Hole-Burning Studies of a Mononuclear Eu(III)
Complex Reveal Narrow Optical Linewidths of the 5D0!

7F0
Transition and Seconds Long Nuclear Spin Lifetimes
Sören Schlittenhardt,[a] Evgenij Vasilenko,[b, c] Vishnu Unni C.,[c] Nicholas Jobbitt,[c]

Olaf Fuhr,[a, d] David Hunger,*[b, c] Mario Ruben,*[a, b, e] and Senthil Kumar Kuppusamy*[b]

Coordination complexes of rare-earth ions (REI) show optical
transitions with narrow linewidths enabling the creation of
coherent light-matter interfaces for quantum information
processing (QIP) applications. Among the REI-based complexes,
Eu(III) complexes showing the 5D0!

7F0 transition are of interest
for QIP applications due to the narrow linewidths associated
with the transition. Herein, we report on the synthesis,
structure, and optical properties of a novel Eu(III) complex and
its Gd(III) analogue composed of 2,9-bis(pyrazol-1-yl)-1,10-
phenanthroline (dpphen) and three nitrate (NO3) ligands. The
Eu(III) complex—[Eu(dpphen)(NO3)3]—showed sensitized metal-
centred emission (5D0!

7FJ; J=0,1,2,3, 4, 5, or 6) in the visible

region, upon irradiation of the ligand-centred band at 369 nm,
with the 5D0!

7F0 transition centred at 580.9 nm. Spectral hole-
burning (SHB) studies of the complex with stoichiometric Eu(III)
concentration revealed a narrow homogeneous linewidth (Γh)
of 1.55 MHz corresponding to a 0.205 μs long optical coherence
lifetime (T2opt). Remarkably, long nuclear spin lifetimes (T1spin) of
up to 41 s have been observed for the complex. The narrow
optical linewidths and long T1spin lifetimes obtained for the
Eu(III) complex showcase the utility of Eu(III) complexes as
tuneable, following molecular engineering principles, coherent
light-matter interfaces for QIP applications.

Introduction

A consequence of the wavelike nature of quantum systems is
their ability to produce states of superposition when adequately
prepared. The superposition can be exploited for different
quantum information processing (QIP) schemes, examples
include quantum computation[1–4] and quantum

communication.[5,6] The timescale at which a quantum mechan-
ical system remains in the state of superposition and, therefore,
the time during which QIP is possible is termed as coherence
lifetime (T2). Perturbations acting on the system, such as
molecular vibrations[7,8] and lattice phonons,[9] amongst others,
cause decoherence and reduce T2. The QIP utility of different
systems, such as nitrogen-vacancy centres in diamonds,[10,11]

trapped ions[12,13] and rare-earth ions (REIs) doped in inorganic
host lattices,[14,15] has been studied and demonstrated. Molec-
ular complexes of trivalent REIs have been explored for QIP
applications as a result of their remarkable magnetic and optical
properties.[16] As their partially occupied 4 f shell is well shielded
from the chemical surrounding by the fully occupied 6 s and 5p
shells, the interconfigurational 4 f–4 f transitions of REI-based
complexes are narrow, translating as long optical coherence
lifetimes (T2opt). Crucially, the molecular nature of complexes
allows chemical engineering of the systems, and REI-based QIP
architectures with tailored physical properties can be
realized.[17–19] For example, taking advantage of isotopically
enriched complexes, the superposition of nuclear spin states,
associated with even longer coherence times (T2spin), can be
achieved via coherent optical addressing of the 4 f–4 f
transitions.[20–22]

The induced electric dipole 5D0!
7F0 transition of Eu(III) is of

particular interest for QIP, as it is only weakly influenced by
magnetic perturbations and is, therefore, known to exhibit
relatively long optical coherence times. The 5D0!

7F0 transition
is symmetry-forbidden and only observable for Eu(III) ions in
low symmetry environments and is inhomogeneously broad-
ened (Γinh) due to lattice imperfections.[23] The inhomogeneously
broadened transition is composed of n-number of homoge-
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neously broadened transitions arising from Eu(III) centres in
close energetic proximity; by estimating the homogeneous
linewidth (Γh), T2opt can be determined. Spectral-hole burning
(SHB) studies are used to estimate Γh and T2opt associated with
the 5D0!

7F0 transition.[24,25] Additionally, hyperfine splitting in
the ground (7F0) and excited (5D0) states as well as nuclear spin
lifetimes (T1spin) can also be estimated from the SHB studies,
enabling the implementation of lambda (λ)-type QIP
schemes.[26]

Reports on the SHB studies of REI-based molecular com-
plexes are scarce despite the utility of such complexes as
tuneable QIP platforms. Consequently, we have recently studied
three Eu(III) complexes and reported on the linewidths (Γinh and
Γh) and T2opt associated with the 5D0!

7F0 transition of the
complexes.[17–19] Remarkably, long nuclear spin lifetimes (T1spin)
of the complexes have also been inferred from the SHB studies,
elucidating the possibility that nuclear-spin-based qubits can be
created. For one of the complexes, we have also demonstrated
photon storage in the solid-state, employing atomic frequency
comb (AFC) protocol, and controlled Eu(III)–Eu(III)
interactions.[18] These results elucidate the potential of molec-
ular Eu(III) complexes as optically addressable quantum materi-
als relying on coherent light-matter interfaces with application
propensity as qubits, quantum memories, and quantum gates.
To progress further, it is necessary to estimate the linewidths of
the 5D0!

7F0 transitions of different types of Eu(III) complexes,
and the knowledge obtained from such studies can be used to
shed light on factors contributing to the decoherence of the
quantum superposition state. Consequently, in this contribu-
tion, we report on the linewidths (Γinh and Γh), T2opt, and T1spin

associated with a charge-neutral mononuclear Eu(III) complex—
[Eu(dpphen)(NO3)3]—composed of 2,9-bis(pyrazol-1-yl)-1,10-
phenanthroline (dpphen) and three nitrate (NO3) ligands. To
determine the triplet energy (ET) of the ligand, we have
prepared the corresponding Gd(III) complex—[Gd-
(dpphen)(NO3)3]. From the SHB studies, we estimate T2opt =

0.205 μs and T1spin in the order of seconds at 4.2 K. These
estimates obtained for the complex at stoichiometric concen-
tration—that is, the Ln(III) positions in the crystal lattice are fully
occupied by Eu(III) centres—are comparable with the ones
reported for previously studied Eu(III) complexes and elucidate

the potential of molecular REI complexes as tuneable and
optically addressable platforms for implementing QIP schemes.

Results and Discussion

The aromatic system of 1,10-phenanthroline (phen) and its
derivatives are known to facilitate sensitized emission of REIs,
acting as a bidentate neutral antenna ligand. By tethering
functional entities with metal coordination ability in the phen
skeleton, the ligand’s denticity can be increased.[27–30] Such
tethering also modulates the electronic structure of the
resultant ligand system with the consequent modulation of the
optical properties. The ligand 2,9-bis(pyrazol-1-yl)-1,10-phenan-
throline (dpphen) first reported by Chi et al., is one such
tetradentate functional phen-based ligand system.[31] Although
transition metal complexes of the dpphen ligand have been
studied before,[31–33] photophysical properties of the ligand and
the related REI complexes are, to the best of our knowledge,
yet to be studied. Taking advantage of the tetradentate nature
of dpphen, we have prepared a charge-neutral Eu(III) complex
—[Eu(dpphen)(NO3)3]—by layering a methanol solution of [Eu-
(NO3)3·6H2O] above a chloroform solution of dpphen at room-
temperature (see experimental section for more details). A
similar procedure was employed to prepare the Gd(III) complex
—[Gd(dpphen)(NO3)3], as shown in Scheme 1.

Single-crystal X-ray diffraction (SC-XRD) studies revealed
that complexes [Eu(dpphen)(NO3)3] and [Gd(dpphen)(NO3)3] are
isostructural charge-neutral complexes. In the crystal lattice,
two different variants of the [Eu(dpphen)(NO3)3] have been
identified; the variants feature the same coordination number
(CN=10) but differ in the organization of the ligands around
the Eu(III) ion. In one of the structures, the dpphen ligand
occupies one meridian of the coordination sphere and the rest
of the coordination sphere is occupied by three nitrate ligands,
lying on the opposing meridian, each coordinating in a
bidentate mode. The two pyrazole rings of the dpphen are
rotated out of the plane in which the phenanthroline (phen)
subunit resides, resulting in a puckered molecular structure
(Figure 1, left); in the following sections this structure is referred
to as [Eu(dpphen)(NO3)3]-puck, where puck stands for the
puckered molecular structure. Among the three nitrates in

Scheme 1. Synthesis of [Ln(dpphen)(NO3)3] (Ln=Eu, Gd). The complexes are prepared by layering the lanthanide salt solution above the dpphen ligand
solution. Good quality crystals suitable for structural analyses have been harvested after a few weeks.
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[Eu(dpphen)(NO3)3]-puck, one is aligning with the meridian it is
located on, whereas the two remaining nitrate ligands
coordinate the Eu(III) centre orthogonal with respect to their
meridian. [Eu(dpphen)(NO3)3]-puck crystallizes in the triclinic
space group P1 with two molecules per unit cell and a single
molecule in the asymmetric unit (Table S1). It is noted that the
arrangement of the ligands results in an intrinsic chirality of the
complexes; however, the crystal lattice is racemic due to the
crystallization of each enantiomer in an 1 : 1 ratio.

After painstakingly probing the structures of many single
crystals, we have identified a new polymorph of the Eu(III)
complex crystallizing in the monoclinic space group P21=c with
four molecules per unit cell (Table S1). In the structure, the
puckering of the pyrazole units is less pronounced resulting in a
close to planar configuration of the dpphen ligand around the
Eu(III) ion (Figure 1, right); this structure will be referred to as
[Eu(dpphen)(NO3)3]-plan, where plan stands for planar. The
coordination of the nitrate ligands in [Eu(dpphen)(NO3)3]-plan
remains analogous to [Eu(dpphen)(NO3)3]-puck and the crystal
lattice is racemic. The observed Eu–N distances range between
2.535(4) Å and 2.594(3) Å for [Eu(dpphen)(NO3)3]-puck, and
2.535(3) Å and 2.625(3) Å for [Eu(dpphen)(NO3)3]-plan (Table S2).
The average of the Eu–N distances is 0.026 Å longer in
[Eu(dpphen)(NO3)3]-plan than its counterpart. The elongation of
the Eu–N distances in [Eu(dpphen)(NO3)3]-plan, compared to
[Eu(dpphen)(NO3)3]-puck, is compensated by a reduction of the
average Eu–O distances, which are found to be 0.008 Å shorter
in [Eu(dpphen)(NO3)3]-plan than the distances observed for
[Eu(dpphen)(NO3)3]-puck (Table S2). The Gd(III) complex also
crystallized with two different polymorphs, and they are fully
isostructural with the ones observed for the Eu(III) complex. In
view of this point, the structural details of the Gd(III) complexes
are not discussed further, see Tables S1 and S2 for structural
parameters and a collection of selected bond lengths. The
observation of polymorphism associated with [Ln-
(dpphen)(NO3)3] complexes are inline with a previous report by
Hasegawa and co-workers, who have also identified two differ-

ent polymorphs associated with Ln (Ln=Eu, Gd, or Tb)
complexes composed of deuterated 1,10-phenanthroline and
nitrate ligands.[34,35] In order to explore the coordination
symmetry around the REIs, we have performed continuous
shape measures (CShM)[36] analyses of the Eu(III) and Gd(III)
complexes (Table S3). The coordination environment in [Ln-
(dpphen)(NO3)3]-puck (Ln=Eu or Gd) is best described as a
sphenocorona with C2v symmetry giving CShM values of 3.520
(Eu) and 3.453 (Gd). For the planar complexes, the coordination
polyhedra is best described as a tetradecahedron with C2v

symmetry—CShM values of 1.600 (Eu) and 1.639 (Gd) are
obtained.

To estimate the ratio between the two polymorphs—
[Ln(dpphen)(NO3)3]-x (x=puck or plan; Ln=Eu or Gd)—associ-
ated with the complexes, we have performed powder X-ray
diffraction (PXRD) studies of the complexes (Figure S2). Remark-
ably, we have noted that the measured diffraction pattern of
the bulk samples matches with the simulated patterns of
[Ln(dpphen)(NO3)3]-puck (Ln=Eu or Gd) and no considerable
reflections of [Ln(dpphen)(NO3)3]-plan (Ln=Eu or Gd) could be
observed. Based on these observations, we conclude that bulk
samples of the studied complexes are mainly composed of
[Ln(dpphen)(NO3)3]-puck (Ln=Eu or Gd) with the planar poly-
morph as a minor component. However, to represent the
presence of two polymorphs, we use the notation [Ln-
(dpphen)(NO3)3] (Ln=Eu or Gd) in the following sections.

The observation of a low symmetry (C2v) ligand-field
symmetry around the Eu(III) ion in [Eu(dpphen)(NO3)3] encour-
aged us to probe the photoluminescent characteristics of the
complex in the solid-state. To begin with, we have studied the
PL characteristics of the dpphen ligand and [Gd(dpphen)(NO3)3]
to determine the energies of the singlet (S1) and triplet (T1)
excited states of the ligand. See Figures S3–S4 and the related
description in the supporting information for a discussion on
the S1 and T1 states of the dpphen ligand. The estimation of the
energetic position of the T1 state of the ligand (ET) is important
considering the fact that the energy difference between the T1

Figure 1. Molecular structures of the polymorphs of [Eu(dpphen)(NO3)3] obtained from single-crystal X-ray diffraction studies. Structures of [Eu-
(dpphen)(NO3)3]-puck (left) and [Eu(dpphen)(NO3)3]-plan (right). The notations puck and plan refer to the puckered and planar organizations, respectively, of
the pyrazole units of the dpphen ligand around the Eu(III) centre. Colour scheme: Eu (cyan), N (blue), O (red), C (black), H (white).
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state of the ligand and the Eu-based 5D0 state (ΔET1–5D0) is one
of the factors determining the efficiency of the sensitized
emission from the Eu(III)-centre, a quantity that directly
influences the utility of an Eu(III)-based REI complex for QIP
applications.

From the PL studies detailed in the ESI, ET=20747 cm� 1 is
estimated for dpphen. Since the ET of the ligand is situated
above the Eu(III)-based 5D0 receiving level, Eu(III)-centred
sensitized emission is expected for [Eu(dpphen)(NO3)3]. In line
with the above point, we have observed six characteristic
Eu(III)-centred 5D0!

7FJ transitions, where J=0, 1, 2, 3, 4, 5
(Figure 2, left), upon excitation of the ligand-centred band at
369 nm (Figure S5). The highest energy 5D0!

7F0 transition is
observed around 581 nm, indicating that the 5D0 state is
situated at 17212 cm� 1. It has been established that about
3000 cm� 1 energy difference between the triplet state of a
ligand and 5D0 excited state is optimal for efficient energy
transfer and sensitization of Eu(III) centred emission.[19,23] In
[Eu(dpphen)(NO3)3], the energy difference (ΔET1–5D0) between
the triplet state of dpphen and the 5D0 state of Eu(III) is about
3535 cm� 1, which is larger than the optimal value discussed
above (vide infra). The low intensity observed for the 5D0!

7F0

transition is in line with the symmetry forbidden nature of the
transition. The relative contribution of the 5D0!

7F0 transition to
the overall emission, also known as the branching ratio, is found
to be 0.11%. A point noteworthy here is that the observation of
the 0–0 transition confirms the low symmetry environment
around the central Eu(III) inferred from the CShM analysis. The
5D0!

7FJ transitions associated with the Eu(III) complexes serve
as a sensitive probe to establish spectroscopic symmetry
around Eu(III) centres in a given ligand field. Since Eu(III) is a
non-Kramers ion, (2 J+1) transitions are expected for each mJ

state. However, the observable number of peaks depends on
the ligand field symmetry around the Eu(III) centre, as discussed
by Binnemans.[23] In the case of the 5D0!

7F1 transition, three
peaks are expected for an Eu(III) centre in a low-symmetric

ligand field environment. A closer look into the 5D0!
7F1

transition of [Eu(dpphen)(NO3)3] reveals six emission peaks
(Figure S6), indicating the presence of two different polymorphs
of the complex in the crystal lattice. As discussed above, the
Eu(III) centres in both polymorphs are placed in a ligand field
environment with approximately C2v symmetry, justifying the
observation of three peaks for each Eu-centre as a consequence
of the complete lift of degeneracy associated with the 7F1 state.
Due to the slightly different metal-ligand interactions in each
polymorph, the energetic position of the 7F1 level is slightly
altered causing a shift in the emission energies.

In order to estimate the lifetime (T1opt) of the 5D0 state, we
have performed time-dependent emission decay studies of the
Eu(III) complex at 3 K by monitoring the emission at 616 nm. By
fitting the obtained decay profile with a mono-exponential
function (Figure 2, right), we estimate the excited state lifetime
T1opt =1.4251�5×10� 4 ms. Using equations (1), (2), and (3), the
radiative and non-radiative decay constants k(non-)rad of [Eu-
(dpphen)(NO3)3] have been estimated:

trad ¼
IMD

AMD � n3 � Itot
(1)

krad ¼
1

trad
(2)

knon� rad ¼
1

T1opt
� krad (3)

Where AMD is the spontaneous emission rate of the magnetic
dipole 5D0!

7F1 transition in vacuum (AMD=14.65 s� 1), n is the
refractive index of the medium and IMD/Itot is the relative
intensity of the magnetic dipole 5D0!

7F1 transition. It is a
common practice in literature to approximate the refractive
index of solids using the value 1.5[37–39] or 1.55.[23,40] In a recent
report, Sedykh et al. have investigated the refractive indices of a

Figure 2. Steady-state emission spectrum (left) and luminescence decay profile (right) of [Eu(dpphen)(NO3)3], recorded at 3 K in the solid-state. The intensity of
the PL spectrum has been normalized to the integrated intensity of the 5D0!

7F1 transition.[23] The decay profile was fitted using a mono-exponential function;
An excited 5D0 state lifetime (T1opt) of 1.4251�5×10� 4 ms is estimated from the fit.
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series of Eu(III) complexes in the solid-state using the Becke line
test and have found values ranging from 1.64 to 1.71.[41] Using
this information and the commonly employed approximation
we have opted to assume n=1.65�0.1 as a good approxima-
tion. We have found τrad=2.02�0.37 ms, krad=495.0�90.7 s� 1

and knon-rad=206.7�90.9 s� 1. It can be seen that the radiative
decay is faster than the non-radiative decay. However, knon-rad is
not negligible, and about 29% of the excited state energy is
lost via non-radiative decay, most likely facilitated by the C–H
oscillators present in the dpphen ligand skeleton.

The total quantum yield (Φtot) was experimentally deter-
mined at 33%. Based on the value and using equations (4) and
(5), we have determined the intrinsic quantum yield (ΦEu)=
71%, and with that the sensitization efficiency (ηsens)=46%. As
discussed previously, the determined ΔET1–5D0 =3535 cm� 1 be-
tween the ligand-centred triplet state and the Eu(III)-based 5D0

state is larger than the proposed optimal energy difference
(ΔE=3000 cm� 1) for efficient sensitization, explaining the
moderate sensitization efficiency of 46%.

FEu ¼
T1opt

trad
(4)

Ftot ¼ FEu hsens (5)

Photoluminescence excitation (PLE) studies of [Eu-
(dpphen)(NO3)3] at the 5D0!

7F0 transition were performed at
4.2 K by packing a polycrystalline sample of the complex in a
ferrule coupled to optical fibres. Using a narrowband (<
100 kHz linewidth), tuneable dye laser, a PLE spectrum revealed
a peak frequency of 17211 cm� 1 (580.916 nm) and an inhomo-
geneous linewidth (Γinh) of 16.44�0.03 GHz for the 5D0!

7F0

transition of the complex (Figure 3, left). The narrow Γinh

observed for the transition is comparable with the 5D0!
7F0

linewidths reported for the previously studied Eu(III)
complexes.[17–19] Importantly, the narrow Γinh suggests high
crystallinity of the [Eu(dpphen)(NO3)3] sample. While two
polymorphs have been observed crystallographically as well as
spectroscopically, only a single line was observed for the
5D0!

7F0 transition of [Eu(dpphen)(NO3)3] in the PLE studies. We
associate the single-line to the [Eu(dpphen)(NO3)3]-puck poly-

morph as it is the dominant species in the crystal lattice (see
the discussion above).

Spectral hole-burning (SHB) was performed by applying a
laser pump pulse of 500 ms duration at a fixed frequency. This
redistributes the hyperfine population through optical excita-
tion and relaxation. Subsequently, a PLE spectrum is taken
around the pump frequency, employing a probe pulse of
200 ms duration where the frequency was swept over 60 MHz,
which probes the prepared spectral hole. By estimating the
hole width (Γhole), the homogeneous linewidth (Γh) can be
derived, which in turn can be used to estimate the T2opt,
employing equation 6.

Gh ¼
1

p � T2opt
(6)

From the SHB studies, we have estimated a hole-width of
3.10�0.31 MHz, corresponding to Γh=1.55�0.16 MHz and
T2opt =205�21 ns for [Eu(dpphen)(NO3)3].

After hole-burning, nuclear spins are depopulated from one
set of ground-state hyperfine (HF) levels. With time, the spins
relax and the equilibrium population in the ground state HF
states is restored. This implies that time-dependent studies of
hole-depth after the burning sequence would shed light on the
nuclear spin lifetimes (T1spin). Estimation of T1spin is important as
it provides an upper time limit for T2spin, which is the timescale
available for creating coherent superposition between HF levels.
Consequently, we have monitored the time-dependent evolu-
tion of the hole-depth to estimate T1spin (Figure 4). The time
versus hole-depth data depicted in Figure 4 can be fitted with a
biexponential decay, yielding two time constants T1spin (short) =

0.31�0.14 s and T1spin (long) =41.39�5.29 s. The observed biex-
ponential decay of the hole-width of [Eu(dpphen)(NO3)3] is
consistent with similar decays observed for the previously
studied Eu(III) complexes.[17–19] The origin of the two distinct
relaxation time regime in molecular Eu(III) complexes is not fully
understood. We tentatively attribute such relaxation process to
different time constants associated with different HF states
involved and with different relaxation mechanisms—examples
include Orbach and Raman processes—causing spin-
relaxation.[42]

Figure 3. SHB studies of [Eu(dpphen)(NO3)3]. Inhomogeneously broadened line measured (left) and spectral hole (right) observed for [Eu(dpphen)(NO3)3] after
applying a spectral burning pulse sequence. All measurements were recorded on a solid sample at 4.2 K. In both plots the red lines correspond to the best fit
employing a Lorentzian profile.
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In the foregoing sections, we have discussed the steady-
state and time-dependent photoluminescent characteristics of
[Eu(dpphen)(NO3)3]. We have shed light on the homogeneous
and inhomogeneous linewidths and nuclear spin lifetimes
associated with the complex by performing SHB studies. A
notable feature is the 1.4251 ms excited state lifetime estimated
for the [Eu(dpphen)(NO3)3], setting a lower-limit of 112 Hz for
the homogeneous linewidth. However, the estimated Γh

(1.55 MHz) for the complex is much larger than the lifetime-
limited linewidth, indicating the presence of other broadening
mechanisms such as spectral-diffusion, in line with the reports
dealing with Eu(III) centres doped in host lattices.[42,43] The Γinh

and Γh estimated for [Eu(dpphen)(NO3)3] are in the range
reported for the previously studied Eu(III) complexes, elucidat-
ing the fact that narrow linewidths of the 5D0!

7F0 transition are
an intrinsic property of molecular Eu(III) complexes.

The appeal of molecular, Eu(III)-based complexes stems
from the tuneable nature of their photophysical properties
following molecular engineering priciples, a possibility not
readily accesible with REI-doped host lattices, as demonstrated
for four complexes, including the one discussed in this study.
Furthermore, the low symmetry coordination environment of
the central ion in molecular complexes enhances the oscillator
strength of the 5D0!

7F0 transition. An increased oscillator
strength is essential to facilitate single ion detection and
control. Further, this can allow ensemble quantum memories
with better efficiency. For a detailed discussion on various
parameters governing the emission characteristics of molecular
Eu(III) complexes, the reader is advised to refer to a previous
report from our side[19] and a biblical review from K.
Binnemans.[23] In the following section, we provide a compara-
tive description of the inhomogeneous and homogeneous
linewidths associated with Eu(III) centres doped in host lattices
and stoichiometric Eu(III) systems that include EuCl3·6H2O,[44]

EuP5O4,
[45] and molecular REI complexes.[17–19]

Concentration-dependent inhomogeneous linewidths have
been reported for Eu(III) centres doped in host lattices. For
Eu(III):Y2SiO5, inhomogeneous linewidths of 0.5 GHz and
150 GHz were estimated at 0.02% and 7% Eu(III) concentra-

tions, respectively.[42] The increase in linewidth with increasing
Eu(III) concentration in Eu(III):Y2SiO5 is attributed to strain
induced by the ionic radii mismatch between the Eu(III) and
Y(III) centres. In the case of stoichiometric systems, Eu(III) is the
only REI present in the lattice, ruling out ionic radii differences
as a factor causing inhomogeneous linebroadening. Conse-
quently, we relate the inhomogeneous linewidths associated
with the stoichiometric systems to the crystalline quality. For a
single-crystal of EuCl3·6H2O, an inhomogeneous linewidth of
600 MHz is observed for the structured line associated with the
5D0!

7F0 transition. The linewidth of the structured transition
can be further narrowed by isotopically enriching the system
with 35Cl and its hyperfine structure can be resolved with each
hyperfine line featuring around 25 MHz of inhomogeneous
broadening.[44] In the case of EuP5O4, an inhomogeneous
linewidth of 3.5 GHz was estimated.[45] Remarkably, the line-
width is asymmetric and a position dependence was observed.
This indicates inhomogeneities associated with the crystal
lattice of EuP5O4. The inhomogeneous linewidths observed for
the Eu(III)-based molecular complexes are larger than the
widths observed for Eu(III) centres doped into inorganic host
lattices at a concentration of about 0.02% and those of a
stoichiometric single-crystal of EuCl3·6H2O. On the other hand,
the linewidths estimated for the molecular Eu(III)-based com-
plexes are in the GHz regime as observed for EuP5O4. In the
case of molecular systems, polycrystalline samples are used due
to the small size of the crystals. The polycrystalline nature and
poor quality of the molecular crystals could have caused
linebroadening, an assumption agreeing well with the observa-
tions made for EuP5O4. The above discussion relating broad
inhomogeneous linewidths with crystalline quality indicates
that in crystals of high-quality it is possible to resolve hyperfine
transitions, as in the case of EuCl3·6H2O, and isotopic enrich-
ment can be leveraged to obtain narrow inhomogeneous
linewidths associated with hyperfine transitions, see the dis-
cussion by R. M. Macfarlane.[43] The inhomogeneous linewidths
observed for rare-earth complexes clearly indicate that their
crystal lattices are highly strained and isotopic enrichment is of
little importance. Consequently, to obtain narrow linewidths it
is necessary to grow large and high-quality single-crystals of REI
complexes. In the specific example of [Eu(dpphen)(NO3)3], two-
photon absorption at 581 nm of the organic antenna and the
presence of two different molecular structures inherently
leading to disorder due to different packing modes of the
structures would have contributed to the line broadening. The
inhomogeneous linewidth is a highly relevant metric in terms
of QIP application. An inhomogeneous linewidth more narrow
than the hyperfine splitting could open up interesting possibil-
ities, as it enables direct addressing and readout of the HF
levels without prior optical pumping. Depending on the QIP
protocol, however, both narrow and wide inhomogeneous lines
can be desirable.[46] For example, the CRIB (controlled reversible
inhomogeneous broadening) protocol requires narrow inhomo-
geneous linewidths, while the AFC (atomic frequency comb)
protocol benefits from broad inhomogeneous lines for the
realization of efficient quantum memories.[47] The point here is
disorder is not bad when system bandwidth is considered.

Figure 4. Plot of the experimentally determined hole depth after applying
the spectral hole burning sequence against increasing waiting times
between the burning and measuring pulse. The data was recorded at 4.2 K
and the red line indicates the best fit to a biexponential decay.
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The homogeneous linewidth of 1.55 MHz observed for
[Eu(dpphen)(NO3)3] is comparable with the values reported for
previously studied Eu(III)-based complexes. A direct comparison
between the homogeneous linewidth estimated for the REI-
doped and molecular systems is rendered difficult due to the
use of photon echo (PE) and SHB techniques, respectively, used
determine the width. The widths obtained from the SHB studies
are always broader than the ones obtained from PE studies, as
exemplified for a mononuclear Eu(III) complex—[Eu(BA)4][(pip)],
where BA and pip stand for the anionic benzoylacetonate
ligand and piperidinium cation, respectively.[18] However, a
point noteworthy here is homogeneous linewidths close to
lifetime-limited ones have been measured for REI-doped
crystals—for example, Er3+ :Y2SiO5 (Γh =50 Hz) and Eu3+ :Y2O3

(Γh =~100 Hz).[48,49] Close to lifetime limited linewidth has also
been reported for the stoichiometric EuCl3·6D2O (Γh =430 Hz).[50]

The above points elucidate that homogenous linewidths
obtained for the molecular systems are about six orders larger
than the ones obtained for Eu3+ :Y2O3 and stoichiometric
EuCl3·6D2O. In the case of EuCl3·6D2O, replacing deuterium with
hydrogen led to the broadening of the linewidth by about an
order—for EuCl3·6H2O, Γh =4.1 kHz is reported.[50] Such broad-
ening indicates the role of nuclear spin bearing isotopes in
increasing the homogeneous linewidth. In a previous study
concerning [Eu(BA)4][(pip)], it was demonstrated that two-level
systems created by low-frequency vibrational modes and
spectral diffusion contribute to the homogeneous linebroaden-
ing. By taking a leaf from the above discussion, the observed
homogeneous linebroadening in [Eu(dpphen)(NO3)3] is attrib-
uted to mechanisms such as nuclear-spin bath, spin–phonon
interactions, and spectral diffusion.

The knowledge on the inhomogeneous and homogeneous
linewidths associated with [Eu(dpphen)(NO3)3] allows for a
comparison between the QIP metrics of the so far studied
molecular rare-earth systems. As discussed before, a broad
inhomogeneous linewidth is advantageous for frequency multi-
plexing. The number of available frequency modes (Nf) available
for storage within an inhomogeneously broadened line can be
calculated using equation 7 proposed by Ortu et al.[47]

Nf ¼ Ginh=2ðDgþ DeÞ þ Df (7)

In equation 7, Δg and Δe are the frequency separations
between the ground and excited hyperfine states, respectively,
and Δf is the width of the absorption teeth in a frequency
comb. In the absence of direct measurements for [Eu-
(dpphen)(NO3)3], we have used Δg+Δe=139.6 MHz and Δf=

0.9 MHz obtained for [Eu(BA)4][(pip)]. Using equation (7), Nf =58
is calculated for [Eu(dpphen)(NO3)3], the value is comparable
with the ones obtained for previously studied molecular
systems—[Eu(BA)4](pip) (Nf =24), [Eu(trensal)] (Nf =325), where
trensal stands for 2,2’,2’’-tris(salicylideneimino)triethylamine,
and [Eu2] (Nf =179), where [Eu2] is a bimetallic Eu(III) complex
with six chloride and six 4-picoline N- oxide ligands.[17–19]

Optical coherence lifetime and nuclear spin lifetimes are
two other important QIP metrics estimated for [Eu-
(dpphen)(NO3)3] from the SHB studies. A comparison of the T2opt

values obtained for the Eu(III) complexes studied so far results
in the following order: [Eu(BA)4](pip) (370 ns)>
[Eu(dpphen)(NO3)3] (205 ns)> [Eu(trensal)] (114 ns)> [Eu2]
(14.5 ns). Note, all values are from SHB studies. The determined
nuclear spin lifetime of up to 41 s for [Eu(dpphen)(NO3)3] is also
in the range reported for molecular Eu(III) systems. These points
emphasize the fact that molecular complexes feature remark-
able T2opt and T1spin even at stoichiometric concentrations and
are suitable for implementing QIP protocols.

Conclusions

Two Ln(III) complexes—[Eu(dpphen)(NO3)3] and [Gd-
(dpphen)(NO3)3]—composed of a central REI, dpphen and
nitrate ligands have been prepared and their molecular
structures have been elucidated by performing SC-XRD studies.
In the crystalline samples of each Ln(III) complex, there are two
distinct crystallographic polymorphs with slightly different
coordination environments. Each polymorph differs from the
other based on how the dpphen ligand is organized around the
Ln(III) centre. In the dominant polymorph—[Ln(dpphen)(NO3)3]-
puck—the coordinating pyrazole units are rotated in opposite
directions and the Ln(III) ion sits above the phen-plane. In the
case of the minor polymorph—[Ln(dpphen)(NO3)3]-plan—the
metal ion lies inside the phen-plane and the pyrazole rings are
rotated in the same direction. The Eu(III) complex shows bright
sensitized emission upon excitation in the UV region, revealing
the presence of the 5D0!

7F0 transition, which can possibly be
exploited for QIP schemes considering the narrow linewidth
associated with the transition. From the SHB studies of the
stoichiometric crystals of [Eu(dpphen)(NO3)3], we have esti-
mated narrow inhomogeneous and homogeneous linewidths of
16.44 GHz and 1.55 MHz, respectively, and an optical coherence
lifetime of 205 ns. The observed nuclear spin lifetime of the
complex is in the order of seconds, elucidating the possibility
that hyperfine qubits can be realized. Overall, the results
presented in this study indicate the promise of molecular Eu(III)
complexes as coherent light-matter interfaces with QIP applica-
tion propensity.

Experimental Section
All starting materials were received from commercially available
sources and used without further purification. The ligand dpphen
was synthesized following a previously reported procedure.[32]

Preparation of [Ln(dpphen)(NO3)3] (Ln=Eu, Gd) complexes: The
complexes were prepared by layering a methanolic solution (10 ml)
of [Ln(NO3)3·6H2O] (0.1 mmol, 1 eq., 44.6 mg (Ln=Eu); 45.1 mg
(Ln=Gd)) above a 20 ml solution of dpphen (0.1 mmol, 1 eq.,
32.0 mg) in chloroform and the two phase mixture was allowed to
stand at RT. After several hours, crystals of the complexes started to
appear at the interface, and the mixture was allowed to stand for
two weeks. After that, the crystals were collected by decanting off
the mother liquor and washing them twice with chloroform and
methanol to remove any unreacted starting material. The com-
plexes were obtained as colourless block-shaped crystals.
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[Eu(dpphen)(NO3)3]:

Yield: 53.3 mg, (82%). Elemental analysis: Calculated for
C18H12EuN9O9: C, 33.25%; H, 1.86%; N, 19.39%. Found: C, 32.68%; H,
1.76%; N, 19.28%., ATR-IR: see Figure S1.

[Gd(dpphen)(NO3)3]:

Yield: 50.5 mg, (77%). Elemental analysis: Calculated for
C18H12GdN9O9: C, 32.98%; H, 1.85%; N, 19.23%. Found: C, 34.70%;
H, 2.16%; N, 19.22%., ATR-IR: see Figure S1.

Single-Crystal X-ray Diffraction Studies

The studies were performed using a “STOE” IPDS 2T diffractometer
with an image plate detector and Mo-Kα radiation. The crystals were
placed in a cold nitrogen stream (180 K) during data collection.
Data reduction was performed using the CrysAlisPro software
package[51] and the structures were solved and refined using
SHELXL[52] implemented into Olex2.[53] All non-hydrogen atoms
were refined anisotropically and hydrogens were placed following a
riding model.

Powder X-ray Diffraction Studies

Powder diffraction patterns were collected on a “STOE” Stadi P
diffractometer at room temperature using Cu� Kα radiation. Simu-
lated P-XRD patterns were obtained using SC-XRD data using
Mercury[54].

Steady-State and Time-Resolved PL Studies

PL measurements at cryogenic and room temperature were
performed on a “Horiba” Fluorolog spectrometer with a 920
photomultiplier tube detector. The powdered samples were placed
in between two quartz glass plates with a drop of perfluorinated
oil. A 400 nm long pass filter was used to cut the second- and
higher-order diffraction peaks in the spectra. Quantum yields were
determined at room temperature using a QuantaPhi-2 Integrating
sphere with an internal diameter of 121 mm.

Spectral-Hole Burning Studies

Investigation of the inhomogeneous linewidth and spectral hole
burning measurements were performed by placing the powdered
sample in a copper ferrule connected to a multimode fibre with a
200 μm core diameter. The ferrules were placed in a home-built
dipstick cryostat, which was fully evacuated and subsequently filled
with a small amount of He exchange gas to allow better thermal-
ization. The dipstick was placed in liquid helium to reach 4.2 K. A
Sirah Matisse 2 DX dye laser with a linewidth <100 kHz was used
as excitation source.

Supporting Information Summary

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
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