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With the discovery of molecular complexes exhibiting slow
relaxation of the magnetization and magnetic hysteresis at
low temperature, research activity in the field of molecular
magnetism based on coordination compounds has experi-
enced spectacular growth.'! These nanomagnets, called
single-molecule magnets (SMMs),l¥ straddle the quantum/
classical interface showing quantum effects, such as quantum
tunneling of the magnetization and quantum phase interfer-
ence, and have potential applications in molecular spintronics,
ultra-high density magnetic information storage, and quan-
tum computing at the molecular level.”! The motivation of
much of this research activity has been provided by the
prospect of integrating SMMs into nanosized devices. The
origin of the SMM behavior is the existence of an energy
barrier that prevents reversal of the molecular magnetiza-
tion,!l although the currently observed energy barriers are
(relatively) low and therefore SMMs act as magnets only at
very low temperature. To increase the height of the energy
barrier and therefore to improve the SMM properties,
systems with large spin-ground states and/or with large
magnetic anisotropy are required. The early examples of
SMMs were clusters of transition metal ions,? but recently

mixed 3d/4f metal aggregates low-nuclearity 4f metal
complexes”! and even mononuclear complexes (called
single-ion magnets, SIMs) of lanthanide,”® actinide,”) and
transition-metal ions® have been reported to exhibit slow
relaxation of the magnetization.

It should be noted that for integer-spin systems with D <0
fast quantum tunneling of the magnetization (QTM) through
the mixing of + Ms levels may suppress the observation of
slow magnetic relaxation through a thermally activated
mechanism. QTM is promoted by transverse zero-field
splitting (E), hyperfine interactions, and/or dipolar interac-
tions.'! The application of a small direct current (dc) field,
stabilizing the negative Ms levels with regard to the positive
ones, may remove the degeneracy of the + Ms levels on either
side of the energy barrier, tilting the system out of resonance
and, on occasion, enabling the thermally activated mecha-
nism. For non-integer spin systems with D <0, the mixing of
the degenerate ground state + Ms levels through transverse
anisotropy (E) is forbidden, thus favoring observation of the
thermally activated relaxation process.”! This situation,
together with the fact that mononuclear species can exhibit
larger anisotropies than their multinuclear counterparts (the
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control of the total anisotropy in polymetallic systems is
extremely difficult), has prompted the search for SMMs based
on mononuclear Co™ complexes with an S =3/2 ground state.
Results in this field are limited to nine examples with
pseudotetrahedral, square-pyramidal, rhombic octahedral,
or triangular prismatic geometries,®*# two of which display
easy-plane anisotropy (D > 0). For Co" systems with D >0,
the direct spin-phonon relaxation process between the Ms =+
1/2 ground Kramers doublet is forbidden in zero field. When
D> guzH the transition becomes allowed as the applied
magnetic field induces mixing with the excited Ms=+3/2
Kramers doublet, but with a small probability.

In principle, therefore, it is indeed possible for slow
relaxation to occur in complexes where D > 0. In fact, it has
been shown recently that two mononuclear Co™ complexes
with a significant easy-plane D >0 anisotropy, are able to
exhibit slow relaxation of the magnetization.®* This was
explained in one case as being due to a field-induced
bottleneck process®™ and the presence of a transverse
anisotropy barrier governed by E in the other.®¥ Never-
theless, the origin of SIM properties in mononuclear Co"
complexes with D >0 remains rather unclear and more
examples of this type of compound are needed to shed light
on the subject. With these ideas in mind, we have prepared
a Co"™Y™ SIM with the compartmental ligand N,N',N'-
trimethyl-N,N"-bis(2-hydroxy-3-methoxy-5-methylbenzyl)-
diethylenetriamine (H,L, Figure 1), in which the Co" ion is

Figure 1. The structure of the ligand H,L (inset) and a perspective
view of the structure of 1. N black, O white, C=gray. Hydrogen atoms
have been omitted for clarity.

forced to adopt a CoN;Os; trigonally distorted octahedral
coordination sphere in the inner site of the L*~ ligand.

The reaction of H,L. with Co(OAc),4H,0 and subse-
quently with Y(NO;);-6 H,O in MeOH in 1:1:1 molar ratio led
to pink crystals of the compound [Co(p-L)(u-OAc)Y(NO,),]
(1; see the Supporting Information for full experimental
details). The structure of 1 (Figure 1) is very similar to those
previously reported by us for other 3d—4f analogues,'”! and
consists of isolated [Co(p-L)(u-OAc)Y(NOs;),] molecules in
which the Co" and Y™ ions are bridged by two phenoxo
groups of the L?~ ligand and one syn-syn acetate anion.

The Co" ion has a trigonally distorted octahedral CoN,0,
coordination polyhedron, where the three N atoms from the
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amine groups, and consequently the three O atoms belonging
to the acetate and phenoxo bridging groups, occupy fac
positions. The distortion takes place along the three-fold axis
passing through the N; and O; faces of the octahedron.
Calculation of the degree of distortion of the Co" coordina-
tion polyhedron with respect to an ideal six-vertex poly-
hedron using continuous shape measure theory and SHAPE
software,'!l led to shape measures relative to the octahedron
(OC-6) and trigonal prism (TPR-6) with values of 2.8 and 8.4,
respectively. A zero value corresponds to an ideal poly-
hedron. The shape measures relative to other reference
polyhedra are significantly larger and therefore the CoN;O;
coordination sphere of 1 is found in the OC-6-~TPR-6
deformation pathway, but closer to octahedral geometry (ca.
60%). The Y™ ion exhibits a rather asymmetric YO,
coordination sphere, consisting of the two phenoxo bridging
oxygen atoms, the two methoxy oxygen atoms, one oxygen
atom from the acetate bridging group and four oxygen atoms
belonging to two bidentate nitrate anions. The bridging
acetate group forces the structure to be folded with a hinge
angle of the M(n-O,)Y bridging fragment of 21.3°; the hinge
angle, B3, being the dihedral angle between the O-Co-O and O-
Y-O planes in the bridging fragment.

The yu7 value for 1 at room temperature
(2.94 cm®’mol 'K) is significantly larger than the spin-only
value for a high-spin Co™ ion (S =3/2, 1.875 cm*mol 'K with
g=2), which is indicative of the unquenched orbital contri-
bution of the Co" ion in distorted octahedral geometry
(Figure S1). The yy T product remains almost constant from
room temperature to 70 K and then slightly decreases reach-
ing a value of 1.96 cmmol™' K at 2 K. Because the molecules
are well isolated in the crystal, this decrease is most likely due
to spin-orbit coupling (SOC) effects rather than intermolec-
ular antiferromagnetic interactions. The magnetic suscepti-
bility data for 1 were analyzed by introducing SOC effects
through the Hamiltonian [Eq. (1)]:

A=l §+ AL -L(L+1)3) +a<tj :Lj> +pH(~ak+g.8)
(1)

where 4 is the spin-orbit coupling parameter, a is the orbital
reduction factor, and A and 0 are the axial and rhombic
orbital splitting of the 7; term (Figure S2). Using the
VPMAG package,l'” the best-fit was found with the values
A=-1092cm™, a=1421, A=6455cm™, and o=
—55.8cm™!, with an agreement factor R=2.3x10"° The
order of energies of the 3d orbitals obtained from complete
active space (CAS) calculations (see the Supporting Infor-
mation for a detailed discussion) unambiguously supports the
sign of A. Moreover, the magnitude of the calculated A value
is close to the experimental value.

When A is large enough and positive, as in this case, only
the two lowest Kramers doublets arising from the *A, ground
term_are thermally populated and the energy gap between
them can be considered as an axial zero-field splitting
(ZFS) within the quartet state. The magnetic properties
can then be analyzed by wusing the Hamiltonian
H=D[S:—S(S+1)/3] + E(si - s§) + gup HS

www.angewandte.org

9131


http://www.angewandte.org

Angewandte

9132

Communications

where S is the spin ground state, D and E are the axial and
transverse magnetic anisotropies, respectively, ug is the Bohr
magneton and H the applied magnetic field. If £=0, then 2D
accounts for the energy separation between +1/2 and +3/2
doublets arising from second-order SOC from the quartet
ground state of the distorted octahedral Co" ion (Figure S2).
If D>0 the M;=+1/2 doublet is below the M,=+3/2
doublet. The M versus H/T plots for 1 are not superimposed
on a single master curve, supporting the presence of
significant magnetic anisotropy. The susceptibility and mag-
netization data at different fields (0-5 T) and temperatures
(2-5K) were analyzed simultaneously using the VPMAG
program and the above Hamiltonian (Figure S4). The best fit
of the data led to the following parameters: D =+41.7 cm ™,
E=1.6cm™, and g=2.50 with R=1.4x 107, indicating the
existence of significant easy-plane anisotropy in 1. However,
a good fit was also found with D=+4+47cm™', E=2.0cm,
and g=2.503 (R=2.1x10"*). Accordingly, the separation
between the Ms ==+ 1/2 and Ms == 3/2 doublets should be in
the range 83.6-94.3 cm . Because of the large positive
D value, the system can be considered as a doublet at low
temperature rather than a quartet, and the magnetization
data were analyzed in this way affording an effective g value,
e =4.63.

Inelastic neutron scattering (INS) experiments were
performed using the LET time-of-flight spectrometer!" at
the ISIS spallation neutron source. Measurements were
performed with an incident energy of 22 meV, giving a reso-
lution of 0.9 meV at the elastic line. The data collected at 4 K
and 100 K, corrected for the Bose factor, are shown in
Figure 2. A magnetic peak is clearly observed at 11.8 meV

100 K

Energy transfer (meV)

Figure 2. Temperature dependence of the INS spectra measured on
LET with an incident energy of 22 meV. The data have been corrected
for the Bose factor.

(95.2 cm ™), which corresponds to a transition from the Ms=
=+ 1/2 to Ms ==+ 3/2 Kramers doublet. This energy gap is in full
agreement with the values extracted from magnetic data and
theoretical calculations (see below).

X-band EPR at low temperature produced rhombic
spectra (g.;=1[6.70, 3.62, 2.00] Figure S5) that are typical of
an orbitally non-degenerate ground state with a large D value.
Although we did not expect to observe inter-Kramers
transitions which would allow us to independently determine
its value (owing to the magnitude of D), we performed high-
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frequency and -field EPR (HFEPR) measurements in the 50—
650 GHz, and 0-14.5 Tesla range, respectively, to confirm its
sign. Indeed, the resulting low temperature spectra (down to
5K, Figure S6) can only be interpreted as resulting from
intra-Kramers transitions within the Ms ==+ 1/2 multiplet, as
can the field versus frequency dependence of the observed
turning points (Figure S7). This result shows beyond doubt
that the Ms =+ 1/2 multiplet lies lower on the energy scale
than the Ms=43/2 one, hence D is positive. The rhombicity
factor is estimated to be contained between the limits 0 < E/
D < 0.1 in good agreement with the magnetic results.

From CASSCF-RASSI calculations (see the Supporting
Information for full details) using the whole complex it is
possible to extract the following effective g values for the
ground Kramers doublet: [6.72, 3.59, 2.01] and an energy gap
between the Ms=+1/2 and Ms=+3/2 doublets of
133.6 cm ™!, which is in good agreement with the experimental
values. The theoretical (4.55) and experimental (4.54) average
g values are in agreement with the effective value obtained
from the magnetization curves (4.63). Moreover, similar
CASSCF-RASSI calculations using a model Co" complex
also provided a large positive D value (D =+ 54.5 cm™") with
a significant rhombicity (E/D =0.189), and an energy gap
between the Ms=+1/2 and Ms=+3/2 doublets of
114.7 cm™.

Dynamic alternating current (ac) magnetic susceptibility
measurements as a function of temperature and frequency
(Figure S11-S14) were performed on a microcrystalline
powder sample of 1.

Under zero applied dc field, no out-of-phase (y”y) signal
was observed at 2 K. This may be due to fast resonant zero-
field quantum tunneling of the magnetization (QTM) through
degenerate energy levels. This QTM relaxation process is
forbidden for Kramers doublets (the zero-field tunnel split-
ting is zero), but could be turned on by dipolar effects and
coupling with the nuclear spin of the Co ion whose unique
natural isotope has /= 7/2. The latter coupling scenario would
lead to a tunnel splitting in the coupled states of the electronic
and nuclear spins. However, when the ac measurements were
performed in the presence of a small external dc field of
1000 Oe, compound 1 shows typical SMM behavior below 5 K
(Figure S11-13). This field was chosen because it induces the
slowest relaxation (the maximum appears at a minimum
frequency of 40 Hz, see Figure S14). Even at this field, a non-
negligible fast tunneling relaxation is observed at low temper-
atures, as indicated by the divergence in y'\; below the
maxima in the y"y; versus 7 plot at different frequencies. The
Cole-Cole diagrams in the temperature range 3.75-5K
(Figure S15) exhibit semi-circular shapes and can be fitted
using the generalized Debye model, affording a values (this
parameter determines the width of the distribution of
relaxation times, so that a =1 corresponds to an infinitely
wide distribution of relaxation times, whereas a =0 repre-
sents a relaxation with a single time constant) in the range
0.008-0.09, which support the existence of a single relaxation
process. The set y, (isothermal susceptibility), ys (adiabatic
susceptibility), and a obtained in the above fits were further
used to fit the frequency dependence of x,,” at each temper-
ature to the generalized Debye model, which permits the
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relaxation time T to be extracted. The results were then used
in constructing the Arrhenius plot shown in the inset of
Figure S13. The fit of the linear portion of the data afforded
an effective energy barrier for the reversal of the magnet-
ization of 22.6 K (15.7 cm ') and 7, =8.9 x 10" s. These values
are similar to those found for the limited number of Co™ SIMs
(with D > 0) already reported.”! Note that ac susceptibility
studies on a magnetically dilute sample 1’ (Figure S16, S17),
which was prepared through crystallization of the diamag-
netic Zn-Y analogue of 1 using a Co/Zn molar ratio of 1:10
(the amount of 1 present in the dilute sample was determined
to be 11% from the low-temperature portions of the dc
susceptibility for the dilute and the neat compound), show
that 1" does not show slow relaxation at zero field. When
a field of 1000 Oe is applied to 1’ the energy barrier slightly
increases to a value of 27.1 K (18.8cm™) with 7,=4.05x
107"s. This behavior indicates that the slow relaxation is
induced by the magnetic field and is of molecular origin. For
magnetic dc applied fields in the range 1000-2500 Oe the
same thermal energy barriers were obtained.

To study the low-temperature behavior of complex 1,
single-crystal dc magnetization measurements were per-
formed on a micro-SQUID in the temperature range 0.03-
5K with a field sweep rate of 0.14 T/s (Figure 3 and Fig-

To14s
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toH (T)

01 02 03 04

Figure 3. Field dependence of the normalized magnetization of 1 in
the indicated temperature range and field sweep rate.

ure S18). The observed hysteresis loops are strongly temper-
ature and sweep rate dependent, showing a step at zero-field.
Interestingly the loops at 0.2-0.7 K are more pronounced than
those at the lowest temperature, 0.03 K. At first glance this
behavior may appear somewhat unusual, but in reality it is
a simple reflection of the presence of fast tunnel rates, that is,
when the fastest sweep rate is still too slow with respect to the
tunnel rate. At the lowest temperature measured, most of the
spins tunnel yielding a small hysteresis. At slightly higher
temperatures thermal activation in the region of tunneling
slows down the net tunnel rate because some spins relax back,
and as a result, the hysteresis increases. This back relaxation is
only efficient close to zero field. Notice that above 1.3 K,
hysteresis is not observed.

The observation of field-induced slow relaxation in 1 is
difficult to rationalize. Two other mononuclear Co" com-
plexes with D >0 have been reported recently. For the first,
a tetrahedral complex,’® the SIM behavior was ascribed to
a field-induced bottleneck of the direct relaxation in the
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ground Ms == 1/2 levels. Direct relaxation becomes so slow
that an Orbach relaxation pathway is induced through the
excited Mg=+3/2 levels. The Orbach pathway is controlled
by D and the thermal energy barrier extracted from ac
measurements is almost equal to the difference between the
Ms==+1/2 and Ms=4=3/2 levels obtained from single-crystal
EPR measurements. However, in the case of 1 this explan-
ation does not seem to be pertinent, since 1) the dilution does
not significantly increase the relaxation rate, suggesting that
phonon bottleneck effects are not very important, and 2) the
U, observed for 1 is significantly lower than the energy gap
between the Ms=41/2 and Ms=43/2 doublets. In the
second case, a rhombically distorted octahedral Co" com-
plex,® the energy barrier of 16.2 cm™ is very close to that
determined for 1 and 1’, and much smaller than that extracted
from magnetization data. It was suggested that the slow
relaxation in this compound arises from a transverse aniso-
tropy barrier governed by E instead of D. However, this
explanation does not seem applicable to 1 either, because it
exhibits too small an E value.

The relaxation times for 1, in the 3.75-5 K range, can be
fitted to a 77" law with n=4.5 (Figure 4, and Figure S17).
Although n =9 is expected for Raman relaxation in Kramers
ions,""! smaller » values in the range 1-6 can occur if both

T

e 1 . * v
84 £ "
X awof T
= n =4.4510.07
£ R=0.998
T" 16 17 18
InT/K
91 n=4.49+0.13
R =0.977
1.3 1.4 15 1.6

InT/IK™"

Figure 4. Power law for 1 and 1’ (inset) in the form Int versus In T.

acoustic and optical phonons are considered.!"”! Interestingly,
similar behavior has been found in a six-coordinate YbN;O;
complex,!' for which the relaxation times obey the T~" law
with n =2.37. An admixture of single phonon direct processes
and optical acoustic Raman-like processes has been proposed
for the spin-lattice relaxation in this compound. A Raman
process has also been found to significantly influence the
magnetic relaxation in a recently published Co"Co™; SIM
with large axial anisotropy.® In view of the above facts, it
may be reasonable to speculate that an optical acoustic
Raman process could also be dominant in the spin-phonon
relaxation process of 1.

The foregoing results represent an additional example of
how mononuclear Co™ complexes with D > 0 can exhibit slow
relaxation of the magnetization and SIM behavior. The
experimental results and theoretical calculations suggest that
the previously reported explanations for the spin-lattice
relaxation in Co" SIMs with D >0 do not apply in this case
and that an optical acoustic Raman process for the spin
relaxation may dominate.
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