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The Origin of Nonmagnetic Kramers Doublets in the Ground State of
Dysprosium Triangles: Evidence for a Toroidal Magnetic Moment™**

Liviu F. Chibotaru,* Liviu Ungur, and Alessandro Soncini

The design of single-molecule magnets (SMMs) based on the
phenomenon of blocking of magnetization at low temper-
atures™ has become a hot area of research due to the
potential applications of such compounds in new storage and
information-processing technologies."'"! Most of the SMMs
synthesized so far are polynuclear transition metal complexes
at their strong exchange limit,"! where the exchange splitting
is much larger than the zero-field splitting on individual metal
sites. An SMM effect is obtained in the case of axial zero-field
splitting, DS,?, where S, is the projection of the total spin S on
the symmetry axis of the cluster, with D < 0. In order to have a
large barrier for reversal of magnetization, |D|Sz, these
complexes should possess a large S and large magnetic
anisotropy projected on the ground exchange multiplet (D).

At the opposite limit of weak exchange coupling the zero-
field splitting on metal sites is much larger than the exchange
splitting in the complex.'!! This is always the case for
complexes containing lanthanides and actinides and is often
so for transition metal complexes containing cobalt ions or
second- and third-row transition metal ions. The high
anisotropy on lanthanide ions has prompted investigations
of the effect of their incorporation on the SMM perfor-
mancel>” as both the ionic anisotropy and exchange
interaction in these complexes can contribute to the height
of the barrier of reversal of magnetization. The first mech-
anism alone is responsible for the SMM effect in the
mononuclear bis(phthalocyaninato)holmium anion.® A
pure exchange contribution to the barrier has been predicted
for some complexes with axial symmetry involving
heptacyanomolybdenum(ITT)."®!  Generally, however, the
origin of SMM behavior of complexes at the weak exchange
limit is difficult to elucidate.

Three compounds containing a triangle of Dy ions as a
central building block, namely [Dy;(1s-OH),L;Cl,(H,0),]-
[Dy;(us-OH),L,ClI(H,0);]Cl;:19H,0 (1; HL = o-vanillin),"”!
[Dy;(p5-OH),L;CI(H,0)5]Cl;4 H,O (2),"* and [Dy;CugL'-
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(u-OH)4(H,0),,]C1,-Cl0,-3.5H,0 (3; H,L'=1,1,1-trifluoro-
7-hydroxy-4-methyl-5-azahept-3-en-2-one),”” have recently
been synthesized and investigated. All these compounds show
slow relaxation of magnetization. Compound 3 is character-
ized by a relatively high anisotropy barrier of 25 K, whereas 1
and 2 show a vanishingly small susceptibility at low temper-
ature, which was completely unexpected for systems contain-
ing an odd number of electrons. Both these latter compounds
show similar magnetic properties despite the presence of very
different magnetic networks,'” which allows intermolecular
antiferromagnetic exchange interactions to be ruled out as a
reason for this vanishingly small susceptibility at low temper-
ature. In view of such an unprecedented situation, we have
investigated the local anisotropy of the dysprosium sites in
these complexes by high-level ab initio calculations and have
simulated, on their basis, the lowest exchange states. This
procedure has allowed an unambiguous determination of the
nature of the ground state in these complexes.

The main structural difference between the triangular
units in 1 and 2 (Figure 1) is the Dy(3) site, which is
coordinated by one chloride ion above and one water
molecule below the plane of the triangle in 1 whilst in 2 this
site is occupied by a chloride ion above the plane and a
chloride ion or a water molecule below the plane with a 50:50
disorder. Since the magnetic data for 1 and 2 are almost

Figure 1. Structure of the triangular units in 1 and 2.") The structure
with two chloride ions coordinated to Dy(3) was used in the ab initio
calculations. Color scheme: blue Dy"; red O; green Cl; dark grey C;
white H. The dashed lines show the calculated anisotropy axes on the
dysprosium fragments and the arrows show the ordering of local

magnetizations in the ground state of the complex.
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identical,"! we can conclude that substitution of the water
molecule by a chloride ion on the Dy(3) site does not change
the magnetic properties of the Dyj; unit, therefore below we
consider the complex with the Dy(3) unit coordinated by two
chloride ions (Figure 1). We performed complete active space
self-consistent-field (CASSCF) calculations for each dyspro-
sium fragment of this unit and included the effects of spin—
orbit coupling by mixing all terms with energies lower than
50000 cm™" (see the Supporting Information for computa-
tional details). As expected, we obtained a group of eight
Kramers doublets, originating mainly from the ground °H,s,
multiplet of the Dy** ion (Table 1), for the lowest states of
each dysprosium site, which are separated from the other
excited states by around 3000 cm™'. As shown in Table 1, the
ground Kramers doublet is separated from the rest by a
relatively large gap (>200 cm™).

Table 1: Lowest calculated Kramers doublets (KDs) of the three
dysprosium fragments of 1.
KD Dy(1) Dy(2) Dy(3)
Energies [cm ™|
1 0.0 0.0 0.0
2 234.2 217.8 150.2
3 373.3 367.0 208.1
4 449.0 479.3 258.2
5 501.2 532.0 336.8
6 554.4 638.1 435.6
7 657.9 684.5 579.9
8 741.4 763.0 707.5
Main values of the g tensor
0.003 0.003 0.064
1 0.005 0.004 0.089
19.844 19.837 19.740
Angle of anisotropy axis with Dy, plane
—4.3° 8.8° —2.4°

Using a recently developed ab initio methodology,*! we
calculated the g tensors of the three dysprosium fragments in
the ground Kramers doublet. The main values of the
g tensors, which correspond to an effective spin §=1/2 of
the Kramers doublet, are listed in Table 1. We can see that the
tensors obtained are very anisotropic and closely resemble
the tensors of the Kramers doublet of a pure | M;==+15/2)
typel® despite the lack of axial symmetry on the sites
(Figure 1). The calculated directions of the anisotropy axes at
the three dysprosium sites are shown in Figure 1 by dashed
lines. The three axes form an almost perfect equilateral
triangle and lie practically in the Dy; plane (the deviation
angles are listed in Table 1).

We also calculated the magnetic susceptibility of the
individual dysprosium fragments using the same ab initio
approach (Figure 2, dashed line).”" The exchange interaction
between dysprosium sites was simulated within the Lines
model,”! in which an effective Heisenberg Hamiltonian,
Hy=->"2J8:S:., which corresponds to local S =5/2 spins
on dysprosium sites in the absence of spin—orbit coupling, was
diagonalized on the basis of the Kramers doublets obtained
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Figure 2. Temperature dependence of T per Dy; molecule calculated
as a sum of independent dysprosium fragments (dashed line) and
simulated for J=—0.6 cm™' (line) for a polycrystalline sample and the
experimental powder; empty squares: data for 1; empty circles: data
for 2.

from fragment ab initio calculations.”"! This approach is
appropriate in this case because the local Kramers doublets
are found to be close to | M;=£15/2). In this case, given the
smallness of the exchange interactions, we expect the
exchange interaction to be of the Ising type [Eq (1)]. In this

3
Flex = - Z jiéizsi+lz (1)
i=1

equation, S, is the projection of the pseudo-spin on the
anisotropy axis of site i (Figure 1) and describes the two states
with (opposite) maximal magnetization on this site. Within
the Lines model we come to the same Ising interaction as that
in Equation (1) with J, =25cos¢;;,J;, where ¢, is the angle
between the anisotropy axes on sites i and i+ 1. Since ¢;;,;
~2n/3 (Figure 1), J; ~ —12.5J.. Given the magnetic similarity
of the dysprosium fragments obtained from ab initio calcu-
lations, we suppose further that J,=J (J;=J).

The simulated powder magnetic susceptibility and mag-
netization data for J=—0.6 cm™! (the only fitting parameter
of the theory) are shown in Figures 2 and 3, respectively,
where it can be seen that y7 almost vanishes at low temper-
ature, which means an almost nonmagnetic ground state. The
origin of this state is easy to understand as J>0 for
antiferromagnetic J and Equation (1) therefore predicts a
ferromagnetic alignment of the pseudospins (and local
magnetization vectors) along the anisotropy axes, as shown
by the arrows in Figure 1. Since the local magnetization
vectors are almost tangential to the vertices of the Dy;
triangle, we have here an example of an almost perfectly
toroidal magnetic moment. The second component of the
Kramers doublet is obtained by a time-inversion operation
which changes the directions of all magnetic moments
(Scheme 1).

The inset in Figure 3 shows that the magnetization is not
zero, even at very low temperature, but increases with the
field and comes almost to saturation before rising steeply at
an H value of around 0.8 T; this points to a remnant small
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Figure 3. Molar magnetization M versus the applied magnetic field H
calculated for J=—0.6 cm™' (lines) for a polycrystalline sample and the
experimental powder magnetization for 1 (empty squares) and 2
(empty circles) for T=1.8 K. Inset: the same simulations for T=0.1 K.
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Scheme 1. The two components of the ground Kramers doublet in 1
and 2. The arrows show the direction of magnetization on the
dysprosium sites.

magnetic moment in the ground state. Figure 4 shows the
evolution of four exchange Kramers doublets of Dy;, which
arise from the exchange interaction between the lowest
Kramers doublets on dysprosium sites, in a magnetic field.
The ground Kramers doublet (KD =0) splits almost linearly
with the field applied perpendicular to the plane (Figure 4a)
and shows no splitting for the in-plane direction of the field
(Figure 4b), which means that the noncompensated magnetic
moment is directed perpendicular to the plane. Accordingly,
the g tensor calculated for the ground Kramers doublet shows
g1 =0.56 and g, = g; =0, with the main magnetic axis directed
perpendicular to the Dy; plane. The lowest excited Kramers
doublets correspond to reversal of the direction of magnet-
ization on one of the three dysprosium sites (Scheme 1).
According to Equation (1) their excitation energies are
approximately —J/=7.5cm™!, which is indeed observed
(Figure 4, energy levels at zero field). In addition, the
complex acquires a magnetic moment of around twice the
moment of an individual dysprosium site (approx. 19.7 ug) in
each of these states. As a result, a steep rise of magnetization
occurs close to the crossing fields. As Figure 4 shows, these
crossing fields differ several times for the in-plane and
perpendicular to the plane directions, which means that the
Dy; plane is the easy plane of magnetization.

In summary, we have provided evidence that the origin of
the nonmagnetic ground state in dysprosium(III) triangles 1
and 2 is the toroidal arrangement of magnetic moments on the
dysprosium sites. To the best of our knowledge, this is the first
time that an almost perfect toroidal magnetic moment has

www.angewandte.de

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

|
N
(=}

—-10+ N

-20 T T r T T T T 1

Figure 4. Evolution of the lowest magnetic states of a Dy; complex
with applied magnetic field, simulated for J=—0.6 cm™'. a) H is
perpendicular to the Dy, plane. b) H is applied in the Dy; plane.

been detected in a molecular magnet. This toroidal moment
does not interact with a homogeneous dc magnetic field but
otherwise it has many features in common with a dipolar
magnetic moment. In particular, it is characterized by two
directions of toroidal magnetization (shown in Scheme 1).
The ground Kramers doublets on the dysprosium sites
support an Ising exchange interaction, thereby preserving
the states of maximal magnetization on these sites. This
means that reorientation of the toroidal magnetization
requires consecutive transitions through three excited Kram-
ers doublets of Dy; whose excitation energies represent the
barrier of blockage of this magnetization.**!
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