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ence of magnetic dilution over
relaxation processes in a Zn/Dy single-ion magnet
by correlation between luminescence and
magnetism†

Jérôme Long,*a Ekaterina Mamontova,a Vania Freitas,b Dominique Luneau,c

Veacheslav Vieru,d Liviu F. Chibotaru,d Rute A. S. Ferreira,b Gautier Félix,a

Yannick Guari,a Luis D. Carlosb and Joulia Larionovaa

We investigate the magnetic dilution effect on the relaxation mechanisms and the estimation of the energy

barrier in a photo-luminescent Dy(III)/Y(III) based Single-Ion Magnet (SIM). The photo-luminescent

spectroscopy permits the careful determination of the Orbach barrier, which is in a good agreement

with the ab initio calculations. This barrier does not change upon magnetic dilution. The magnetic

properties investigations highlight that the determination of the energy barrier is affected by magnetic

dilution due to the changes in Quantum Tunnelling of the Magnetization (QTM).
Introduction

Among magnetic molecular materials, Single-Ion Magnets
(SIMs) or Single-Molecule Magnets (SMMs) appear to be
promising compounds for future technological applications
including data storage or quantum computing.1,2 Such coordi-
nation complexes present a magnetic bistability arising from
the appearance of an anisotropic barrier, D, responsible for the
reversal of the magnetization at low temperature. In the case of
lanthanide based SIMs, the origin of such behaviour is clearly
associated to the relative energies of the spectroscopic sub-
levels of the lanthanide ion. Such features depend on the
nature, the symmetry and geometry of the lanthanide ion.
These two latter parameters can be imposed by a coordination
environment including the donor strength of the ligands, which
can stabilize the prolate or oblate character of the electronic
density of the chosen lanthanide.3,4 Additionally, the occurrence
of magnetic exchange interactions, hyperne coupling or
dipolar interactions between neighbours SIMs affect this
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property by enhancing the Quantum Tunnelling of the
Magnetization (QTM).5 Transition between the degenerated
�mJ states in Kramers ions are forbidden by the Kramers
theorem. However, the presence of a transverse dipolar eld
may enhance the QTM by splitting the ground state doublet
allowing such transitions. Dilution in a diamagnetic matrix is
known to be the easiest classical way to study the intrinsic
features of SIMs by reducing dipolar interactions. Surprisingly,
regardless the nature of the lanthanide ion, rather controversial
effects on the relaxation process upon magnetic dilution
has been reported in the literature. An increase of the energy
barrier determined by magnetic measurements was frequently
observed for diluted systems,6–10 while in some cases it has been
found signicantly decreased11 or nearly identical.12–17 In the
vast majority of the reported studies, the spin-reversal barrier in
SIMs has been evaluated considering solely a thermally acti-
vated process for which the thermal dependence of the relaxa-
tion time follows an Arrhenius law with s ¼ s0 exp(D/kT).
However, deviations from this model are almost systematically
observed and originate from the presence of others spin-lattice
relaxation processes, such as Raman and direct relaxations and/
or QTM especially at low temperature.16 Consequently, addi-
tional studies are required in order to better comprehend the
inuence of the magnetic dilution on these relaxations path-
ways and ultimately optimize the SIM features.

One possibility to achieve such objectives can be found in
luminescent lanthanide SIMs since the careful examination of
the optical transitions relative to the lanthanide ion allows to
experimentally access to the mJ sub-levels structure. Such
correlation between the luminescence and magnetism has been
performed for several SIMs with various lanthanide ions to put
This journal is © The Royal Society of Chemistry 2016
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in comparison the barrier (D) obtained from the magnetic
measurements and/or theoretical calculations with the value of
the energy gap between the ground state and the rst excited
state extracted from the luminescence data (DOrbach).18–26 In
most cases, DOrbach obtained from luminescence is systemati-
cally higher than the one obtained from the magnetism, indi-
cating that the extraction of the energy barrier using magnetic
data gives underestimated values. In this article, we investigate
the magnetic dilution effect on the evaluation of the energy
barrier in bifunctional magneto – luminescent systems
considering that optical spectroscopy appears as the ideal
technique to directly probe the changes in the mJ sub-levels
structure that may occur upon magnetic dilution. To perform
such studies, we focus on a bifunctional dinuclear Schiff-base
[Zn(NO3)LDy(NO3)2(H2O)] (H2L ¼ N,N0-bis(3-methox-
ysalicylidene)-1,2-diaminoethane)18 as a model compound.
Fig. 1 Top: Molecular structure of complex 1. Color code: orange, Dy;
light blue, Zn; red, O; blue N; grey, C. Middle: View of the supramo-
lecular chain of 1 along the c crystallographic axis. Dashed bonds
represent hydrogen bonds. Bottom: View of the packing arrangement
of 1 along the a crystallographic axis.
Results and discussion
Synthesis and crystal structure description

The complex [Zn(NO3)LDy(NO3)2(H2O)] (1) was synthesized
according to the previously described procedure.18 The stoi-
chiometric reaction between the complex [Zn(L)(H2O)] (H2L ¼
N,N0-bis(3-methoxysalicylidene)-1,2-diaminoethane) and
Dy(NO3)3$5H2O in acetonitrile yields crystals of 1 upon slow
diffusion of diethyl ether. The diluted analogue 2 was obtained
using a molar ratio mixture 5/95 of Dy(NO3)3$5H2O and
Y(NO3)3$6H2O.

Compounds 1 and 2 are isostructural and crystallize in the
P21/n space group (Table S1†) with unique crystallographic
Dy3+ (or Y3+) and Zn2+ sites. Their molecular structure can be
described as a dinuclear complex with connection between
Zn2+ and Dy3+ (or Y3+) being ensured by phenolate bridges
(Fig. 1). The lanthanide ion adopts a nine-coordinated envi-
ronment, the coordination sphere being composed by four
oxygens from the ligand, two bidentate nitrate molecules and
one water molecule. Intermolecular hydrogen bonds appear
between the coordinated water and the nitrate molecules
belonging to the adjacent complex, creating a supramolec-
ular chain that propagates along the a crystallographic axis.
The shortest intermolecular Dy–Dy distance is found to be
7.756 Å (Fig. 1). Analysis of the coordination sphere for 1 and
2 using the SHAPE soware27 shows that the geometries are
close, conrming that the Y3+/Dy3+ sites in 2 present a similar
coordination environment with respect to the undiluted
sample 1 (Table S2†). Powder X-Ray Diffraction (PXRD)
patterns (Fig. S1†) ultimately conrm the isostructural char-
acter of 1 and 2 as well as the purity of the samples. Addi-
tionally, Energy Dispersive Spectroscopy (EDS) gives a doping
rate of Dy ¼ 7 � 2% and conrms the homogeneous distri-
bution of the samples.
Magnetic properties

Magnetic properties of 1. There are at least four different
relaxation processes that could be nd in SIM:16 (i) if enough
thermal energy is available, the Orbach process involves
This journal is © The Royal Society of Chemistry 2016
absorption of a phonon followed by a phonon emission and
relaxation from an excited state. In this case, the energy must be
equal or larger to the energy gap between the ground state and
the rst excited state (DOrbach). This process should therefore
only occur if DOrbach is lower than the maximum acoustic
phonon energy kQD, QD being the Debye temperature of the
material and k the Boltzmann constant. However, optical
phonons, andmulti-phonon processes can cause this relaxation
to be operative even if the aforementioned condition is not
fullled.28,29
RSC Adv., 2016, 6, 108810–108818 | 108811
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Relaxation involving higher excited states have been recently
evidenced and constitute one of the best strategy to obtain large
energy barriers systems;9,30–33 (ii) the two-phonon Raman
process involves the simultaneous absorption of a phonon with
emission of a phonon of different energy from a virtual excited
state. In contrast to Orbach process, the phonon spectrum is
entirely available implying that such relaxation may occur even
if the DOrbach/k is higher than QD. This relaxation is indepen-
dent on the magnetic eld but shows different temperature
dependencies according to the magnetic ions nature; (iii) the
direct process involves a relaxation from �mJ levels with emis-
sion of one phonon. It relies on the magnetic eld and shows
a linear or quadratic dependencies with temperature; (iv) in
contrast to the three previous cases of spin-lattice relaxation
processes, the QTM does not involve any exchange of energy
and arises from a transverse anisotropy component that
promotes the relaxation between the degenerated �mJ levels.
Since these transitions are forbidden between Kramer's states,
the QTM involves deviation from axial symmetry, hyperne
coupling inducing a mixing of the wavefunctions allowing these
transitions. Additionally, the presence of dipolar interactions
may create a transverse eld that enhance this relaxation.
Consequently systems showing a strong QTM exhibit a totally
temperature independent relaxation time at low temperature.

Given that the preliminary magnetic properties of 1 were
previously reported,18 we focus here on the additional alternative
current (AC) measurements. In the absence of a static DC-eld,
no signicant out-of-phase component, c00, is observed due to
the fast QTM frequently observed in lanthanide SIMs. The
frequency dependence of c00 at 1.8 K for 1 measured for various
DC elds leads to the appearance of an out-of-phase component
with the highest relaxation time found for a 900 Oe DC eld
(Fig. 2). For higher eld values, a decrease of the relaxation time,
s, is observed. This fact can be directly ascribed to the occurrence
of a direct relaxation process, which becomes predominant at
high magnetic elds. Taking into account that at this low
temperature, the Raman and Orbach processes can be neglected,
the eld dependence of the relaxation time can be reproduced
using a simple model recently updated by Zadrozny et al.34 with
Fig. 2 Field dependence of the relaxation time at 1.8 K for 1 and 2. The
blue solid and dashed lines correspond to the fit using eqn (1).

108812 | RSC Adv., 2016, 6, 108810–108818
s�1 ¼ DH4T + B1/(1 + B2H
2), (1)

for which the rst term accounts for the direct process (for
Kramers-ion), while the second one stands for the QTM. The t
parameters are summarized in Table S3.† The antagonist effect of
the QTM and direct processes gives birth to the maximum
observed in the eld dependence of s. The B1 and B2 parameters
directly reect the degree of mixing between the �mJ levels and
give the information about themagnitude of theQTMprocess. The
frequency dependence of the AC susceptibility under the optimum
DC eld of 900 Oe at different temperatures reveals a series of
frequency dependent single peaks (Fig. 3). Their maxima shi
toward higher temperature when the frequency increases, indi-
cating the occurrence of a slow relaxation of the magnetisation. D
can be estimated from the linear region using the thermally acti-
vatedmodel, s¼ s0 exp(D/kT) and gives the parameters s0¼ 3.55�
10�8 s and D¼ 24 cm�1. Despite its pseudo-linear character, such
t most likely gathers different relaxation processes and a clear
deviation from the linearity appears in the low temperature range
(Fig. 4), reecting the appearance of additional relaxation spin-
lattice pathways, such as Raman or direct processes, which
show various degree of temperature dependence. As it can be
seen, the relaxation time does not become temperature inde-
pendent conrming that applying a DC eld has greatly sup-
pressed the QTM. In order to estimate the contribution from
Raman and direct processes and extracting a more accurate value
of the energy barrier, tting of the temperature dependence of the
relaxation time was performed using the model recently updated
by J. R. Long and coll. with the following equation:16
Fig. 3 Frequency dependence of the out-of-phase susceptibility, c00,
for 1 (top) and 2 (bottom) performed under a 900 and 600 Oe DC field
respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Temperature dependence of the relaxation time for 1 (900 Oe)
and 2 (600 Oe). The blue solid lines represent the fit with eqn (2) while
the red dashed line represents the expected Orbach process with the
value extracted from photo-luminescence.
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s�1 ¼ s0
�1 exp(�D/kT) + CTm + ATn. (2)

The rst term accounts for an acoustic Orbach process, while
the second and the third ones stand for two-phonon Raman and
direct relaxations, respectively. Due to the minor role of the
QTM under this DC eld, its contribution has not been included
in the tting. The best t parameters are obtained by xingm ¼
5, 7, or 9 and n ¼ 1 (usually found for direct process, although n
¼ 2 can be found in the case of phonon bottleneck35). For
Kramers ion, the expected m value should equal to 9 although
lower values can be found in the presence of optical phonons.36

The D value using this t is found to be 35 cm�1 with s0 ¼ 6.4 �
10�9 s and m ¼ 9. The non-negligible values of the A and C
parameters indicate contributions from both, Raman and direct
processes (Table 1). Cole–Cole plots (c00 vs. c0) gave well dened
semi-circles (Fig. S2†). Fitting with a Debye generalized model
yields low value of the a parameter for the highest temperature
(close to 0.1, Table S4†) indicating a narrow distribution of the
relaxation processes. Lowering the temperature induces an
increase of the a parameter which can be explained by the
overlap between the different spin-lattice relaxations.

Magnetic properties of 2. The presence of dipole–dipole
magnetic interactions is well known to affect the relaxation
processes and, in particular, the QTM. In contrast with 1, a strong
component of c00 can be observed in zero-DC eld for 2, indicating
Table 1 Fit parameters of the temperature dependence of the relax-
ation time obtained using eqn (2)

Compound
D

(cm�1) s0 (s)
CRaman

(s�1 K�9)
A
(s�1 K�1)

1 (900 Oe) 35 � 22 (6.4 � 0.4) � 10�9 0.019 � 0.004 48 � 12
2 (600 Oe) 45 � 3 (4.6 � 0.5) � 10�11 0.009 � 0.002 0

This journal is © The Royal Society of Chemistry 2016
that the QTM pathway is greatly reduced by dilution, but without
a maximum in the available frequency range (Fig. S3†). The eld
dependence of the relaxation time (Fig. 2) can be modelled in
a similar way than for 1 and gives the parameters summarized in
Table S3.† The values of the D, B1 and B2 parameters directly
reect the relative weight of the direct and QTM processes,
respectively. In contrast, the undiluted sample 1 presents higher
values of the D and B1 parameters, while B2 is nearly similar,
indicating that the magnetic dilution reduces the QTM.

The frequency dependence of c00 under an optimum DC eld
of 600 Oe also reveals a series of single frequency dependent
peaks. The t using eqn (2) yields s0 ¼ 4.6 � 10�11 s and D ¼ 45
cm�1 (Fig. 4, Table 1). In the latter case, the parameter A is close
to zero conrming that the magnetic dilution might also affect
the direct process as evidenced from the eld dependence of s.
Such dependence of the direct process over the concentration of
paramagnetic ions have also been observed in some SIMs.16 The
Cole–Cole plots (Fig. 5) yields to well dened semi-circles and
tting with a Debye model gives a values of 0.413 at 1.8 K and
then strongly decreases to 0.0002 at 4.3 K (Table S5†). The low
value of a in the high-temperature region indicates a narrow
distribution of the relaxation times.

Note that the frequency dependence of the AC susceptibili-
ties were also measured under the same DC eld of 900 Oe that
was used for 1 (Fig. S4†). The t using eqn (2) of the temperature
dependence of the relaxation time gives a very similar value ofD
in comparison to the 600 Oe data (Fig. S5 and Table S6†).
Consequently, the results obtained from the magnetism point
out that: (i) the magnetic dilution clearly affects the QTM; (ii)
different D values are obtained for 1 and 2, regardless the
extraction method used (linear t or t using eqn (2)).

Ab initio calculations. In order to get additional insights into
the relaxation processes, ab initio calculations were performed
(Table S7†), allowing the estimation of D as well as the values of
the g tensor for each Kramers doublets. For 1, the rst excited
Kramers doublet is found to be 59 cm�1 above the Kramers
ground state (Table S8†).
Fig. 5 Cole–Cole (Argand) plot obtained using the ac susceptibility
data (600 Oe) for 2. The solid lines correspond to the best fit obtained
with a generalized Debye model.

RSC Adv., 2016, 6, 108810–108818 | 108813
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This value is almost twice higher than the value obtained
from the ACmagnetic data for the undiluted sample conrming
the occurrence of under-barriers relaxation processes. The large
value of gz (18.4, Table S9†) indicates that the Kramers ground-
state is close to mJ ¼ �15/2. However, the non-negligible values
of the transversal components of gx and gy point out the pres-
ence of a transverse anisotropy causing the QTM contribution.
Consequently, the magnetic dilution reduces the QTM in some
extent by suppressing dipolar interactions. However, the
intrinsic transverse anisotropy component of the molecule still
contributes to the QTM. This explains the absence of
a maximum in the frequency dependence of the out-of-phase
susceptibilities for 2 under a zero eld. The use of the static
DC eld is therefore required to strongly reduce the QTM.

Spectroscopy

Photoluminescence. Aiming at correlating the magnetic and
optical properties, solid-state photoluminescence measure-
ments were carried out at room and low temperatures for
diluted and undiluted samples. The photoluminescence
features of 1 were previously reported.18 Here, we report for the
rst time the excited state decay curve at low temperature. In
addition, the high-resolution steady-state emission spectrum is
revisited to enable an easier accurate study of the effect of the
dilution on the optical properties.

Fig. 6 compares the room and low-temperature emission
spectra of 1 and 2. In contrast to that found previously for 1,18

the characteristic Dy3+ transitions are not observed at room
temperature for 2. Decreasing the temperature to 14 K reveals
the characteristic luminescence of the Dy3+ ions ascribed to the
4F9/2 /

6H15/2–11/2 transitions. The excitation spectrum of 2 was
monitored within the 4F9/2 /

6H13/2 transition for both, 1 and 2
crystals (Fig. S6†) showing a broad band centred at ca. 280 nm
and a large plateau at higher wavelengths with an absorption
edge around 400 nm ascribed to the ligand's excited states,
resembling that of 1.18 The fact that the ligand-related bands
dominate the excitation spectra monitored within the Dy3+
Fig. 6 Emission spectra acquired at 300 K (red line) and at 14 K (black
line) for 2 excited at 385 nm.

108814 | RSC Adv., 2016, 6, 108810–108818
transitions, conrms the presence of the ligand-to-Dy3+ energy
transfer at 14 K.

The low-temperature 4F9/2 emission decay curves were
measured under direct excitation into the ligands excited levels
(Fig. S7†) for 1 and 2. The decay of 2 is well-described by
a single-exponential function yielding a lifetime value of s ¼
10.0 � 0.4 � 10�9 s, whereas for 1 the lifetime lies beyond the
detection limits of our experimental set-up (5 � 10�9 s).

The larger lifetime value found aer dilution (for 2) suggests
the presence of concentration quenching effects present in the
undiluted sample 1. The presence of operative non-radiative
energy transfer involving lanthanide ions is distance depen-
dent.37 According to the crystallographic analysis, the average
shortest Dy–Dy intermolecular distance is 7.756 Å. Thus, the
electric multipolar mechanism dominates as the exchange one
becomes irrelevant for ion–ion distances larger than 4 Å.37

Aiming at analysing the dilution effect on the emission
spectra and getting further insights into the correlation
between the SIM behaviour and luminescence properties, the
crystal eld splitting of the ground state of the Dy3+ ion in both
samples was investigated. In particular, low temperature (14 K)
high-resolution emission spectra involving transitions of
the magnetic ground state 6H15/2 in the spectral region of the
6F9/2 / 6H15/2 transitions were acquired (Fig. 7A and B). The
Fig. 7 (A) High-resolution emission spectra (14 K) for 1 and 2 excited at
385 nm. (B) Magnification of the 4F9/2 / 6H15/2 transition in the
20 900–21 200 cm�1 region. (C and D) Multi-Gaussian function fit
components arising from the first 4F9/2 Stark sublevel to the 6H15/2

multiplet in the energy interval 20 900–21 200 cm�1. The fits regular
residual plots (R2 > 0.98) are shown at the bottom.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Raman spectra for the undiluted 1 and diluted 2 compounds.
Inset magnification.

Table 2 Fit parameters of the temperature dependence of the
relaxation time obtained using eqn (2). DOrbach have been fixed from
the results of photo-luminescence

Compound
DOrbach

(cm�1) s0 (s)
CRaman

(s�1 K�9)
A
(s�1 K�1)

1 (900 Oe) 48 (1.2 � 0.6) � 10�10 0.0205 � 0.0006 44 � 8
2 (600 Oe) 52 (6.0 � 0.2) � 10�12 0.0102 � 0.0002 0
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emission spectrum of 1 resembles to that which was previously
reported,18 apart from minor variations in the relative intensity
of the Stark components. The large number of Stark compo-
nents (12 components marked with arrows in Fig. 7A) makes
extremely difficult to t unambiguously the 4F9/2 / 6H15/2

transitions (maximum splitting into 8 Stark levels, assuming
that only the 4F9/2 low-energy component is populated), point-
ing out the presence of 4 transitions arising from “hot” bands
involving the rst excited Stark component of the 7F9/2 level.
Therefore, we only analyse the high-energy region of the tran-
sition (20 900–21 200 cm�1) in order to estimate the energy
difference between the ground level and the rst Stark compo-
nent. In such spectral interval, the emission spectra of 1 and 2
are well reproduced by 3 Stark components ascribed to transi-
tions from the lowest 4F9/2 Stark sublevel to the two lowest Stark
levels of the 6H15/2 multiplet (mJ ¼ �15/2 and 13/2). The third
transition can be ascribed to an hot band arising from a tran-
sition from the rst excited Stark sublevel of the emitting 4F9/2
state (located at �55 cm�1 above the low-energy 4F9/2
sublevel)18,26,38 to the corresponding ground Kramers doublet of
the 6H15/2 multiplet (mJ ¼ �15/2), as illustrated in Fig. 7C and D
for 1 and 2, respectively.

The energy gap between the ground and rst excited Kram-
ers doublet (6H15/2 multiplet) is DOrbach-1 ¼ 48 � 3 cm�1 (iden-
tical within the experimental error to the value previously
reported, 44� 3 cm�1)18 andDOrbach-2¼ 52� 3 cm�1 for 1 and 2,
respectively. While the value of DOrbach-1 is higher than those
deduced from the magnetism (35 cm�1), the value for DOrbach-2

is in a relatively good agreement with both, the values obtained
from the magnetic data (45 cm�1) and from theoretical calcu-
lations (59 cm�1). As a result, by using the photoluminescence
measurements we found nearly identical values for DOrbach

(within the experimental error of 3 cm�1) for diluted and non-
diluted samples which unambiguously correspond to the real
energy gap between the ground (mJ ¼ �15/2) and rst excited
Kramers doublet (mJ ¼ �13/2). The good accordance of D

(magnetism) and DOrbach (theoretical calculations and lumi-
nescence) points out that the Orbach process is dominant at
high temperature in these compounds. However, since the
magnetic data indicate signicant differences in the D values
between 1 and 2, this suggests that the extraction is somehow
altered.

Vibrational spectroscopy. To get further insights, Raman
spectroscopy was used to monitor the changes in the crystal-
lattice vibrations. Note that Raman spectroscopy studies of
coordination complexes based on lanthanides in the low energy
modes are relatively scarce.39 As it can be seen in Fig. 8, Raman
spectra for 1 and 2 are rather complex, precluding the assign-
ment of individual peaks. For comparison, the crystal-lattice
vibrations in lanthanide nitrate salts are observed only up to
250 cm�1.40 While the prole of the spectra of 1 and 2 remains
identical conrming their isostructural character, the position
of the peaks, especially in the low energy range, are clearly
shied towards higher wavenumbers in the case of 2. This
indicates that the phonons are affected upon dilution in the
diamagnetic yttrium matrix. Such fact could be reasonably
ascribed to a change in the density between these two samples.
This journal is © The Royal Society of Chemistry 2016
Based on the densities obtained from single crystal X-ray
diffraction, a decrease of about 10% upon going from 1 to 2 is
observed.

Correlation. To study in detail the modications of the spin-
lattice relaxation processes, the tting of the temperature
dependence of the relaxation time was performed with eqn (2),
by xing the values of D with DOrbach (luminescence measure-
ments) which represent the real energy difference between the
ground and rst excited Kramers doublets.

The values of DOrbach and D are close enough to consider the
Orbach process as dominant at high temperature in contrast to
others systems showing enhanced Raman or direct relaxation.41

Results from the tting indicate that the values of the A and C
parameters are close to the previously obtained values (Table 2).
However, the error for the C parameter is greatly lowered.
Attempts to let the m coefficient free yields to values close to 9.
Due to the simplicity of the model used (approximation by
Debye model), the obtained parameters may be taken with great
care but might reect the fact that spin-lattice relaxation
processes are affected by the magnetic dilution through the
modication of the phonon density of states in the crystal.

Since the unit cell volume change is only 1%, the density
decrease could be mainly associated to the weight change
between 1 and 2, which should lead to a modication of the
vibrational Density Of State (DOS) which is in line with the
Raman spectroscopy study. As a result, all the spin lattice
relaxation processes are dependent of the material's vibrational
RSC Adv., 2016, 6, 108810–108818 | 108815
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DOS.36 The luminescence results directly point out that as ex-
pected, the chemical dilution has only a moderate inuence on
the values of DOrbach. The limited available frequency of ac
magnetometry (<1500 Hz) induces that even for the highest
temperature data points used to extract the relaxation time, the
system does not follow a pure Orbach relaxation and overlap
with others processes occur. Such fact may be particularly
effective in our case taking into account the narrow range of
temperature for which the slow relaxation is observed. Moreover
the chemical dilution partially reduces the dipolar QTM by
suppressing transverse dipolar eld. The intrinsic QTM caused
by a transverse anisotropy component is still operative and
requires the use of a static DC eld to be reduced.

Recently, an investigation of the inuence of a magnetic
dilution over the relaxation processes has been performed by
mean of magnetic measurements spectroscopy in Zn/Dy Schiff
base complexes,42 for which the Orbach barriers for all dilution
ratios have been xed from the magnetic results of the undi-
luted analogue. The obtained results show also a progressive
decrease of the QTM and the Raman parameter as the dilution
ratio increases.

Conclusions

In this article, we have investigated in details the magnetic and
luminescence properties of two isostructural luminescent SIMs,
[Zn(NO3)LDy(NO3)2(H2O)] (1) and [Zn(NO3)Dy0.07Y0.93(-
L)(NO3)2(H2O)] (2) in order to study the effect of the magnetic
dilution over the different magnetic relaxation processes. The
rst point to note is that the emission lifetime is affected upon
magnetic dilution. Namely, the lifetime value of the diluted
sample is twice higher than the one of the undiluted
compound. This fact is due to Dy3+–Dy3+ interactions that fasten
the relaxation. Secondly, the luminescence data clearly indicate
that the values of DOrbach are found nearly identical for both,
diluted and non-diluted systems, conrming similar coordina-
tion environment of the dysprosium sites in both compounds.

On the other hand, magnetic properties analysis indicates an
increase of the energy barrier upon dilution. The in-depth
studies indicate that, as expected, the QTM is highly reduced
upon dilution by suppressing the transverse magnetic eld.
Besides, the correlation between luminescence and magnetism
shows that the high-temperature region for which the relaxation
times are extracted by dynamic magnetic measurements does
not correspond to a pure thermally activated regime, giving
underestimated energy barrier's value. Performing ac magnetic
measurements with higher frequencies or by pulsed-EPR would
probably allow us to obtain comparable energy barriers between
the luminescence and magnetism. As a result, considering
solely the t from the pseudo-linear region appears to be
insufficient to correctly estimate the energy barrier and extreme
care should be taken. It should be also emphasized that
although dilution in a diamagnetic matrix appears as the most
straightforward strategy to study the intrinsic behaviour of SIM,
this may induce signicant changes in the spin-lattice processes
through variation of the crystal density. Further work is in
progress to investigate such features.
108816 | RSC Adv., 2016, 6, 108810–108818
Experimental
Synthesis of 1 and 2

All experiments were carried out under aerobic conditions. The
lanthanide nitrate salts were purchased from Alfa Aesar. All the
solvents in these experiments were analytical grade.

The ligand H2L (H2L ¼ N,N0-bis(3-methoxysalicylidene)-1,2-
diaminoethane) has been synthesized according to a well-
established procedure from the literature.43 The [ZnL(H2O)]
complex has been synthesized by reuxing Zn(OAc)2$2H2O with
H2L in ethanol according to the procedure from the literature.44

Synthesis of [Zn(NO3)Dy(L)(NO3)2(H2O)] (1). The stoichio-
metric reaction between [ZnL(H2O)] (1.0 mmol g) and Dy(NO3)3-
$5H2O (1 mmol) in 20 mL of acetonitrile gives a clear yellow
solution upon heating. Slow diffusion of diethyl-ether yields to the
formation of yellow crystals. Yield¼ 68%. Elemental analysis calcd
for ZnDyC18H20N5O14 (exp.): C 28.51 (28.42), H 2.66 (2.86), N 9.23
(9.20).

Synthesis of [Zn(NO3)Dy0.07Y0.93(L)(NO3)2(H2O)] (2). The
stoichiometric reaction between [ZnL(H2O)] (1.0 mmol),
Dy(NO3)3$5H2O (0.05 mmol) and Y(NO3)3$6H2O (0.95 mmol) in 20
mL of acetonitrile gives a clear yellow solution upon heating. Slow
diffusion of diethyl-ether yields to the formation of yellow crystals.
Yield ¼ 54%. Elemental analysis calcd for ZnDy0.07Y0.93C18H20N5-
O14 (exp.): C 31.34 (30.97), H 2.92 (2.55), N 10.15 (10.05). The ratio
Dy/Y was estimated using the ratio of the magnetization values at
70 kOe and is in good agreement with EDS analysis.
Single-crystal X-ray diffraction study for 2

Single crystals of 2 was selected and on a Xcalibur, Onyx
diffractometer. The crystal was kept at 300 K during data
collection. Using Olex2,45 the structure was solved with the
Superip46 structure solution program using charge ipping
and rened with the olex2.rene47 renement package using
Gauss–Newton minimisation.

Crystal data for C18H18YN2O14Zn (M ¼ 691.16 g mol�1):
monoclinic, space group P21/n (no. 14), a ¼ 7.8023(3) Å, b ¼
19.2183(8) Å, c ¼ 16.1293(6) Å, b ¼ 91.994(4)�, V ¼ 2417.07(16)
Å3, Z ¼ 4, T ¼ 300 K, m(Mo Ka) ¼ 3.643 mm�1, Dcalc ¼ 1.8962 g
cm�3, 14 130 reections measured (5.48� # 2Q # 58.62�), 5697
unique (Rint ¼ 0.0263, Rsigma ¼ 0.0351) which were used in all
calculations. The nal R1 was 0.0334 (I $ 2u(I)) and wR2 was
0.0828 (all data).
Magnetic measurements

Magnetic susceptibility data were collected with a Quantum
Design MPMS-XL SQUID magnetometer working between 1.8–
350 K with the magnetic eld up to 7 tesla. The sample was
prepared in a glove box. The data were corrected for the sample
holder and the diamagnetic contributions calculated from
Pascal's constants.
Computational details

All calculations were carried out with MOLCAS 7.8 and are of
CASSCF/RASSI/SINGLE_ANISO type.48,49
This journal is © The Royal Society of Chemistry 2016
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The Dy centre was calculated keeping the entire molecule,
i.e. without cutting any atoms. The geometry was optimized at
the B3LYP level of theory using ORCA 2.9.0 program.50 TZVP
basis set was used for Dy atom and SVP for the rest. Scalar
relativistic effects were taken into account within 0th order
regular approximation (ZORA)51 methodology as implemented
in ORCA.

Two basis set approximations have been employed: 1 – small,
and 2 – large. Table S1† shows the contractions of the employed
basis sets for all elements.

Active space of the CASSCF method included 9 electrons in 7
orbitals (4f orbitals of Dy3+ ion). We have mixed 21 sextets, 128
quartet and 130 doublet states by spin–orbit coupling. On the
basis of the resulting spin–orbital multiplets SINGLE_ANISO
program computed local magnetic properties (g-tensors,
magnetic axes, local magnetic susceptibility, etc.).
Photoluminescence measurements

The photoluminescence spectra were recorded at 12 K and at
300 K with a modular double grating excitation spectrouo-
rimeter with a TRIAX 320 emission monochromator (Fluorolog-
3, Horiba Scientic) coupled to a R928 Hamamatsu photo-
multiplier, using a front face acquisition mode. The excitation
source was a 450 W Xe arc lamp. The emission spectra were
corrected for detection and optical spectral response of the
spectrouorimeter and the excitation spectra were corrected for
the spectral distribution of the lamp intensity using a photo-
diode reference detector. The emission decay curves were
acquired with the same instrumentation coupled to a TBX-04
photomultiplier tube module (950 V). The excitation source
was a Horiba-Jobin-Yvon pulsed diode (NanoLED-390, peak at
388 � 10 nm, FWHM of 14 nm, 1.2 ns pulse duration, 1 MHz
repetition rate, and 150 ns synchronization delay).
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