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A triangular Dy(III) single-molecule magnet (SMM) exhibiting ferroelectric bistability is assembled in
an acentric space group Pna21. Hysteresis loops associated with its SMM behavior together with a twostep slow relaxation of the magnetization are observed below 30 K. A transition with dielectric
anomalies between a paraelectric and a ferroelectric phase occurs at 470 K.

Molecules or molecular assemblies with various functionalities
are currently of great interest in coordination chemistry due to
their great potential for application as new types of high-density
memory devices.1 One of the attractive multifunctional materials
are multiferroics, in which both magnetic and ferroelectric bistabilities coexist within a single material.2 However, single-phase
multiferroics are rare because the mechanisms that drive ferroelectricity and ferromagnetism are mutually exclusive.3 Hitherto
the majority of well-studied multiferroics are atom-based materials such as particular perovskite oxides.4 Only very recently a
few molecule-based porous crystalline metal-organic frameworks
(MOFs) have been reported to display both magnetic and
ferroelectric properties, representing a new class of multiferroic
materials.5
To further miniaturize the molecular devices, using one or a
few magnetic molecules such as single-molecule magnets
(SMMs) to generate materials which also show ferroelectric
properties should be particularly attractive. In such a case, the
systems will combine the advantages of the molecular scale with
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the properties of bulk magnetic materials into one single material. As known, a material assembled in a polar point space group
is likely to become a highly polarizable system, which is one of
the basic requirements for showing ferroelectricity.5c,d Along this
line, molecular ferroelectrics could consequently be realized if
SMMs were assembled in a polar space group by a chemical
method. However, no examples have been explored.
In recent years, of the lanthanide ions, Dy(III) has become a
good source of ions to generate thousands of SMMs. Some of
them represent considerably high energy barriers.6 Herein we
report an interesting new trinuclear Dy(III) SMM, namely
[Dy3(HL)(H2L)(NO3)4] ethanol (Dy3L, H4L ¼ N,N,N0 ,N0 -tetrakis(2-hydroxyethyl)-ethylene-diamine), crystallized in an acentric space group Pna21, belonging to one of the ten polar point
groups.‡ Dy3L exhibits not only SMM behaviour with a two-step
slow relaxation of the magnetization at low temperatures with
characteristic hysteresis loops, but also dielectric hysteresis loops
and a phase transition with the dielectric anomalies at 470 K.
Single-crystal structural data of Dy3L at different temperatures varying from 120 to 463 K were determined, showing that
Dy3L crystallizes in the orthorhombic space group Pna21 (Table
S1†). The structure at room temperature is depicted in Fig. 1a.
Dy2 is in a distorted square antiprismatic coordination sphere,
satisfied with four oxygens from the ligands and four oxygens
from nitrates; however, the coordination geometries of Dy1 and
Dy3 are distorted capped square antiprisms, completed by five
oxygens and two nitrogens from the ligands and two oxygens
from nitrate. Pairs of Dy(III) ions except for Dy1/Dy3 are
mono-bridged by a m2-O from the ligand; and the three Dy(III)
ions are further doubly bridged by two m3-O from ligands
forming a pseudo-isosceles triangle, surrounded by two ligands
and four nitrates. The Dy/Dy distances within the triangle are
! respectively. As shown in
3.488(1), 3.509(1) and 3.898(1) A,
Fig. 1b and S1a,† each asymmetric unit contains four Dy3L
molecules which reside in different positions in the cell. There are
weak hydrogen bonding interactions (O5–H5/O11NO3")
between neighboring Dy3L units with an O/O distance of
! And the Dy3L unit is further connected to an ethanol
2.918 A.
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Fig. 2 Temperature dependence of the cT product for Dy3L. The red
line is the ab initio calculated curve. Inset: molar magnetization at 2 K.

H ¼ "J12S^1zS^2z " J13S^1zS^3z " J23S^2zS^3z

Fig. 1 (a) The trinuclear unit of Dy3L. Hydrogen atoms are omitting for
clarity. Color scheme: purple Dy, red O, grey C, blue N. (b) Each unit cell
contains four Dy3L molecules connected by hydrogen bonds indicated as
green dashed lines.

molecule by another H-bond O8–H8/O21Bethanol with an O/O
! (Fig. 1b). As a result, a three-dimensional
distance of 2.660 A
supramolecular network is constructed by the Dy3L units linked
through hydrogen bonding interactions. It is also worth pointing
out that the trinuclear Dy3L units and the disordered ethanol
molecules surround the 21 screw axis, which is also the c axis of
the crystal (Fig. S1b†).
The static magnetic properties of Dy3L were investigated on a
powdered average polycrystalline sample in the temperature
range of 2–300 K at 0.1 T. The room-temperature cT value of
40.83 cm3 K mol"1 is in good agreement with that expected
42.51 cm3 K mol"1 for three uncoupled Dy(III) ions (J ¼ 15/2,
g ¼ 4/3, L ¼ 5).7 The cT decreases gradually until #20 K and
then drops abruptly to a minimum of 6.83 cm3 K mol"1 at 2 K
(Fig. 2), indicating the progressive depopulation of the excited
Stark sublevels of Dy(III) ions and/or weak intra/inter-molecular
magnetic interactions. Ab initio calculations were carried out to
study the nature of the magnetic interactions. Details of the
calculation were given in the ESI and are illustrated as Fig. S2–S5
and Tables S2–S5.† The magnetic interactions within Dy3L units
exch
include dipolar interactions Jdip
.
ij and exchange interactions Jij
The total interaction between Dy sites is then described by Jij ¼
exch
Jdip
. The dipolar interactions are calculated using the ab
ij + Jij
initio results for the g tensor in the ground state of three Dy
fragments (Table 1). Two independent exchange parameters were
employed in Dy3L: one for coupling of Dy2–Dy1/Dy3 and the
other for Dy1–Dy3. These exchange parameters were derived
from the simultaneous fit of cT and M(H) curves (Fig. 2 and
S2†). The obtained parameters (Table 2) describe the noncollinear Ising exchange interaction between the lowest Kramers
doublets on Dy sites in Dy3L:
This journal is ª The Royal Society of Chemistry 2012

(1)

where S^iz is the projection of the effective spin 1/2 on the local
anisotropy axis z of the site i (Fig. 3). The signs of the Jij
parameters in Table 2 depend of course on the choice of the
positive direction at each local axis z. The convention used here is
that the latter coincide with the directions of the corresponding
green arrows in Fig. 3.
The obtained parameters Jij favor the toroidal alignment of
local magnetic moments of Dy3L (Fig. 3). In fact, the dipolar
magnetic interaction alone (i.e., setting Jexch ¼ 0 in the expressions for J in Table 2) already favors the toroidal arrangement of
the local magnetic moments. Although the exchange interaction
parameters are weaker, they have the same signs as the dipolar
ones (Table 2) and, therefore, corroborate to further stabilization
of the circular arrangement of local magnetic moments (Fig. 3).
The spectrum of low-lying exchange Kramers doublets and their
g tensors are given in Table S4.† The high-field magnetization
data represented as the M vs. H/T curves exhibit non-superposition and indicate the presence of a significant magnetic
anisotropy (Fig. S6†). The maximum magnetization at 2 K and
5 T is 16.1 mB, in agreement with the expected value of 15.7 mB for
three free Dy(III) ions (Fig. 2, inset). The linear slope above 2 T
Table 1 Energies and g tensors of the lowest spin–orbit states (cm"1)
KD

Dy1

Dy2

Dy3

1
0.000
0.000
0.000
2
108.778
239.577
225.784
3
202.571
459.170
485.721
4
286.735
546.174
634.670
5
322.050
587.706
672.382
6
385.913
642.290
711.704
7
458.087
709.691
753.551
8
524.465
979.880
834.336
Main values of the g-tensor for the lowest doublets
0.0528
0.0020
0.0024
gX
0.0793
0.0024
0.0028
gY
19.7092
19.8247
19.8525
gZ
Angle between the main magnetic axis gZ and the Dy3 plane (degrees)
6.657
0.568
10.398
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Table 2 The parameters of the dipolar and exchange magnetic interactions (in cm"1)
Interaction between
centers

Jexch
ij

Jdip
ij

exch
Jij ¼ Jdip
ij + Jij

1–2
2–3
3–1

1.608
1.608
1.311

5.428
5.293
2.959

7.036
6.901
4.270

frequency under a zero-static field to study the dynamics of the
magnetization. Both the temperature- and frequency-dependent
out-of-phase ac signals (c00 ) exhibit two distinct peaks (Fig. S7
and S8†), indicating the possibility of multiple relaxation
processes. As already discussed in the structural part and the
calculations, Dy3L comprises two types of Dy(III) ions with
different coordination spheres forming a weakly coupled
molecular system. Therefore, the two c00 peaks may result from
the spin noncolinearity of these two types of Dy(III) ions within
each molecule, probably as well as in the crystal packing of
molecules. This similar scenario is actually not uncommonly
observed in several Dy(III)-based systems.6b,c,10 To understand the
nature of the relaxation processes, two sets of the temperaturedependent c00 data in relation with two relaxation regimes (a fast
relaxation process from 3 to 9 K and a slow relaxation process
from 6 to 22 K) were analysed by the Arrhenius law (Fig. S9†),
giving the effective energy barriers (D) of 42.6 K and 90.9 K with
pre-exponential factors (s0) of 1.0 % 10"6 s and 5.8 % 10"7 s,
respectively. Furthermore, fitting of the Cole–Cole plots by the
generalized Debye functions gives a1 values of 0.26–0.49 and a2
values of 0.41–0.57, respectively (Fig. S10 and Table S6†). The
relatively large a values suggest the moderate distribution of the
relaxation time for each process, further indicating the presence
of multiple relaxation processes in Dy3L.6b,c,10,11
A single crystal of Dy3L was further studied using the microSQUID technique to confirm its SMM behavior (Fig. 4).12 The
coercivities of the hysteresis loops increase upon decreasing

Fig. 3 Calculated local anisotropy axes on Dy(III) sites (dashed lines)
and the local magnetic moments in the ground state (arrows).

reflects the admixture of the excited Stark levels on Dy(III) sites
by the Zeeman interaction. Both low-temperature cT and lowfield M(H) show non-negligible positive slopes, which points to a
nonvanishing magnetic moment in the Kramers doublet of Dy3L.
This situation differs from the previously investigated Dy3
triangle,8 where the ground state was found non-magnetic,
explained by a relative 120$ arrangement of anisotropy axes on
Dy(III) ions.9 However, in Dy3L this is not the case anymore,
because the three Dy(III) ions form an isosceles rather than an
equilateral triangle (Fig. 1). The relative orientations of the main
anisotropy axes lie almost in the plane of the Dy3L triangles
(dashed lines in Fig. 3) and the angles between the main anisotropy are listed in Table 3. As a result the local magnetic moments
in the ground Kramers doublet (arrows in Fig. 3) do no
compensate each other anymore, which is the reason why Dy3L
remains magnetic till very low temperatures.
Alternating current (ac) susceptibility measurements were
carried out for Dy3L as functions of both temperature and

Table 3 Angles between the main anisotropy axes on Dy sites
Angles between the main anisotropy axes (degrees)

Dy1
Dy2
Dy3

Dy1

Dy2

Dy3

0
77.97
25.10

77.97
0
77.40

25.10
77.40
0
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Fig. 4 Normalised magnetization (M/Ms) vs. applied dc field sweeps at
the indicated temperatures (a) and sweep rates (b).
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temperatures and increasing field sweep rates, as expected for
SMM behavior. An interpretation of the hysteresis loops is given
in Fig. 5. For the chosen direction of the applied magnetic field,
the four Dy3L molecules (denoted A–D) within a unit cell show
different Zeeman spectra. Within the field interval "1.5–1.5 T
only two of the molecules (A and B) display level crossings in the
ground state, while the other two (C and D) show no intersection
except at H ¼ 0 (Fig. S5†). The solid line in Fig. 5 (middle plot)
shows the adiabatic magnetization of one unit cell for the given
direction of the applied field. The magnetic steps correspond to
the level crossings in the ground state of the four Dy3L molecules.
For finite field sweep rates the heights of some of the magnetization steps are modified and some new steps appear due to the
crossings of excited levels. The modified steps are shown in the
middle plot of Fig. 5 by a green dashed line. The height of each
step depends on the tunneling gap which opens at the corresponding crossing. These tunneling gaps are calculated and given
in Table S5† for the chosen direction of the applied field. For
instance, the first step at "1.0 T arises from the crossing 1A with
a relatively large tunneling gap of z0.01 cm"1 which explains
why the height of this step does not depend on the field sweep
rate. The next step corresponds to the crossing 1B with a
tunneling gap of 5 % 10"5 cm"1, explaining why its height is
strongly dependent on the field sweep rate (Fig. 4b). On the other

Fig. 5 a) Energy levels of the molecule Dy3L-A in an applied magnetic
field. (b) Molar magnetization for all four Dy3L molecules (ABCD). The
green dashed line shows the molar magnetization at a finite field sweep
rate. (c) Energy levels of the molecule Dy3L-B in an applied magnetic
field. The wiggly lines show relaxation transitions from higher to lower
levels.
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hand, the step is very small at 0.0 T, because of the very small
tunneling gaps in molecules A–D, which are only contributed by
the environmental magnetic field.
Dy3L is stable up to 500 K according to thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
analysis (Fig. S11†). An endothermic peak in the DSC curve was
detected at ca. 467 K, corresponding to a first-order phase
transition (Fig. S11† inset).13 The temperature dependence of the
ac dielectric constant and dielectric loss of Dy3L using powder
samples in pellets were measured at various frequencies from 102
to 106 Hz (Fig. 6a). With those data, the temperature-dependent
ac conductivities could be calculated (Fig. S12†), in which a peak
located around 470 K unambiguously appears suggesting the
paraelectric–ferroelectric transition. The heights of the peaks
decrease when increasing the frequencies but do not show an
obvious temperature dependence. The reciprocal dielectric
constant (30 ) curves at 100 Hz in the temperature ranges of 446 to
460 K and 470 to 482 K are almost linear and obey the Curie–
Weiss law well (1/30 ¼ C/(T " T0)), leading to Curie constants of

Fig. 6 a) Temperature dependence of the dielectric constant 30 (3r) and
the dielectric loss tand (300 /30 ) of Dy3L. 300 and 30 are the imaginary and real
parts of the dielectric constant. Inset: the reciprocal dielectric permittivity
and Curie–Weiss fit. (b) Dielectric hysteresis loops of Dy3L.
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Cferro ¼ 909 K and Cpara ¼ 986 K, and a Curie–Weiss temperature T0 ¼ 457 K (Fig. 6a, inset). The Curie constant is close to
103 K, which is comparable to those values for order-disordertype molecular ferroelectrics.13,14 The dielectric hysteresis loops
of Dy3L were further studied to confirm the ferroelectric nature
(Fig. 6b). The hysteresis loop at room temperature shows a
remnant polarization (Pr) of #0.070 mC cm"2, a coercive field
(Ec) of #0.015 kV cm"1, and a saturation spontaneous polarization (Ps) of #0.254 mC cm"2. Pr and Ec values decrease with
increasing temperature. The above results, as well as the
extremely low leakage current (Fig. S13†) indicate the apparent
ferroelectric property of Dy3L. To the best of our knowledge,
Dy3L exhibits the highest Tc in molecular ferroelectric materials.15 It is also noted that Dy3L can be polarized by a very low
applied electric field, which is energy-efficient for possible practical applications. In the solid state, the reversal of the dipoles of
molecular materials results from molecular rotation/libration
and/or intermolecular proton transfer.16 For Dy3L in the paraelectric phase, the disordered ethanol molecules which surround
the 21 screw axis almost occupy the same position with contrary
dipole moments. These dipole moments may be aligned to the
same direction by applying an electric field to the ferroelectric
phase. Hydrogen atoms of the ligand were also found to be
disordered according to the crystal structural analysis, which
should contribute to the dielectric hysteresis loop as well.
In conclusion, we have successfully assembled a triangular
Dy(III) SMM into a polar point space group by a supramolecular approach through hydrogen bonding interactions. The
interesting finding is that both SMM behaviour and ferroelectricity are observed in this single non-oxide material. To
our knowledge, this is a phenomenon that has not previously
been reported for a SMM also demonstrating a dielectric
transition between a paraelectric and a ferroelectric phase.
Although the SMM behaviour and the paraelectric–ferroelectric phase transition occur at a completely different temperature range with different origins of mechanism, this work still
sheds light on a synthetic route to generate molecular multiferroic materials.
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