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ABSTRACT: We report here a study about the magnetic ani-
sotropy of the LnTRENSAL complexes (Ln=Tb, Dy, Er) using
cantilever torque magnetometry and EPR. For all the com-
pounds we extracted a set of Crystal Field parameters to ob-
tain the energy level splitting of the ground multiplet.

Magnetic anisotropy is a fundamental property which
deeply affects the magnetic behavior of molecules that exhib-
it slow relaxation of magnetization, called Single Molecule
Magnets (SMMs).! Among this class of systems, a central role
is played by lanthanide-based SMMs. Indeed the un-
quenched orbital momentum of these ions, caused by the
partially filled f-orbitals interacting with the electrostatic po-
tential originated by the ligands, is often able to give rise to
huge anisotropy barriers.>3 The magnetic anisotropy of
SMMs containing lanthanide ions (Ln) is generally rational-
ized by modeling the effect of the ligands using approximate
point charge distributions:#7 however deceptive results can
be obtained, especially in low-symmetry compounds.®9 The
correlation between magnetic anisotropy and magnetization
dynamics is also not always straightforward, as recently
shown for two isostructural compounds containing a central
Er3* or Dy3* ion surrounded by the trianion of the heptaden-
tate  ligand  2,2,2”-Tris(salicylideneimino)triethylamine
(H;TRENSAL).*° The LnTRENSAL family has been extensive-
ly studied in literature both to develop new synthetic strate-
gies, ™ to investigate interaction with surfaces,3 and to study
the energy pattern and thus obtain the set of the Crystal
Field (CF) parameters via magnetic# and luminescence'>'
measurements.

Cantilever Torque Magnetometry (CTM) is a powerful tool
to investigate magnetic anisotropy on single crystals of lan-
thanide complexes in a wide temperature range.7*8 In this
work we have employed this technique to characterize in de-
tail the magnetic anisotropy of LnTRENSAL (Ln = Tb, Dy and
Er, hereafter Tb, Dy, and Er, respectively).

In CTM a sample is fixed on the cantilever acting as the
upper plate of a capacitor.?92° The whole system can be ro-
tated in an external magnetic field (B) and the magnetic
torque (1) experienced by the sample is directly proportional
to the cantilever deflection detected as the change in the
electric capacitance.

Hexagonally shaped single crystals belonging to the trigo-
nal P-3a1 (n. 163) space group were grown for the three com-
pounds as previously described.’>" The lanthanide ion lies on
a special position (C; symmetry) thus all molecules are iso-
oriented. Crystals faces were indexed on a single crystal dif-
fractometer to correlate the crystallographic reference frame
(abc) to the laboratory one (XYZ), where X corresponds to
the normal to the cantilever, while the torque is measured
along Y, i.e. the rotation axis of the cantilever (see Figs. S1-
S3).

The magnetic torque is defined as the vector product be-
tween magnetization M and B.*9 Taking into account that
experimentally only the Y-component of t can be detected, it
is possible to write 1y as (eq 1):

Ty = M:Bx - MxB: =B?sind coso U(zz — xx ) (1)

where 0 is the angle between B and the Z axis and y is the
susceptibility tensor. The second part of eq(1) is only valid
when the magnetization is linear with the applied field, that
is, in general, for weak fields or high temperatures. Following
eq 1, the torque signal can be considered a direct measure-
ment of the magnetic anisotropy of the molecule. Although
torque magnetometry is able to detect magnetic anisotropy
contributions even when arising from magnetically inequiva-
lent molecules,” and also from polynuclear clusters,>24 the
present case is much more favorable, since the macroscopic
shape of the crystals easily permits to identify the c crystallo-
graphic axis, which is also a molecular symmetry axis.

Two rotations have been performed: the first (rot 1) having
Y lying in the ab plane, and Z coincident with -c, while the
second (rot 2) scanning the ab plane, ergo the rotation axis
was the c crystallographic axis (see Fig. S4)."®
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Figure 1. Torque signals for Tb, Dy and Er obtained at 5 K
and 12 T; solid lines are the best fit curves.

In Fig. 1 we report the torque signals obtained in rot 1 for
Er, Dy and Tb at fixed temperature (5 K) and magnetic field
(12 T) (in Figs. S5-S7 all the fits are reported). The data in Fig.
1 were normalized for the different mass of the measured
crystals. Beyond the trivial 180° periodicity, we first note that
7 has an opposite phase for Er compared to Tb and Dy. Ac-
cording to eq 1 this means that the term
(Xzz — x )=(¥c — yab) is positive for Er while is negative for Tb
and Dy, testifying that different distributions of the electron-
ic density around the lanthanide ion are mirrored in diverse
anisotropy features.32526 The shape of the torque profile,
with the largest |dt/00| characteristic of the hard direc-
tion, indicates that 6=0° corresponds to a hard axis for Tb
and Dy, while it is an easy axis for Er. None of the com-
pounds showed a detectable torque signal for measurements
performed in the ab plane (rotz) indicating that the ab plane
has to be considered magnetically isotropic for our sensitivity
(Fig. S8). We can then conclude that the anisotropy of Er is
easy axis, while the one of Dy and Tb is easy plane. These
results are in agreement with previous powder Electron Par-
amagnetic Resonance (EPR) studies on Er and Dy™ and are
particularly interesting for Tb, a non-Kramers ion with no
SMM behavior, for which the latter technique provides non-
conclusive results. Indeed the powder X-band EPR spectrum
of Tb at 5 K showed an hyperfine split transition with iso-
tropic lineshape at about zero field, both in the perpendicu-
lar and parallel polarization mode (Figure Sog).

The sensitivity of CTM allowed us to measure the angular
dependence of torque at different fields even at high temper-
atures, where the first excited levels are also populated.
These data can then be fit using an appropriate set of CF pa-
rameters. In favorable cases, like the LnTRENSAL family, a
good set of CF parameters can be also obtained by lumines-
cence measurements. However, while CTM provides direct
information on the anisotropy of the ground Russell-
Saunders multiplet, in luminescence spectra transitions that
involve the ground multiplet may not be observed (as for Tb
and Dy). In these cases the electronic structure of the ground
multiplet is obtained indirectly by the set of CF parameters
needed to reproduce transitions to upper lying multiplets.
This may result in an incorrect prediction of the angular and
field dependence of the magnetic anisotropy at low tempera-
tures (see Fig. S10).

Parameter | Tb Dy Er

(cm™)

B,° -562 (152) -710 (38) -726 (115)
By 40 (36) -274 (80) | -81(162)
Be° -1410 (2115) 1309 (183) | 952 (88)
B 1344 (520) -1406 (98) | -2401 (233)
Be 712 (498) 674 (69) 366 (69)
B's3 420 (420) -760 (334) | 300 (900)
Bg® 137 (887) 935 (187) | 490 (157)
B's® 840 (840) o(-) 120 (360)

Table 1. CF parameters according to Wybourne’s formalism,
obtained by fitting torque signals. Numbers in brackets refer
to the errors estimated by the MINUIT subroutine.

The CF Hamiltonian in Wybourne’s notation for a C3
symmetry is:?7

Hep = BECE + BEC + BSCG + B3 (€3 — €3) +
BS(€85 — €§) +iB'S(C85 + C§)+BE(Co4 + C€) +iB(CO4 —
) (2

where the xyz molecular reference frame was chosen to
have B’y4=0 without any loss of generality.4%528 All the calcu-
lations took into account the Zeeman term and the Russell-
Saunders ground state, which is the only one significantly
populated in the investigated temperature range.’s The fits
were performed by projecting the Hamiltonian (2) onto the
ground J state and using the corresponding set of Stevens’
extended operators. In Table 1 we reported the obtained best
fit CF parameters (see also Tables S1-S2 and Eq. S1). The ef-
fective orientation of the crystals was taken into account by
using two polar angles (8= Zc; a=Ya). Due to the isotropy of
the ab plane, o was fixed at the value obtained by the index-
ing, while § was different from zero only for Tb (8=0.3(1)°).
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Figure 2. Energy patterns calculated using the CF parameters
for the ground manifolds /=6, 15/2, 15/2 of Tb, Dy and Er, re-
spectively, obtained by CTM (black) and luminescence
(grey). All the levels are doublets, except for the ones indi-
cated with black stars, which are singlets.

With the obtained CF parameters we calculated the ener-
gies for all the sublevels of the ground state for the three
compounds and compared them with the results obtained by
Flanagan et al. (Fig. 2).’5s The agreement between the levels
calculated starting from the two techniques is particularly
good for Er, for which luminescence provided a direct meas-
ure of the ground multiplet splitting (numerical results and
details are reported in Tab. S3-Ss). It is however worth not-
ing that, due to the strong correlation between CF parame-



ters, the uncertainty on some parameters is huge, as also oc-
curring by using other techniques.’+'s Interestingly, the xT vs
T plot of Tb, Dy and Er can be simulated with comparable
agreement by using our parameters and those reported by
Flanagan et al’s and by Dreiser et al.*4(see Fig. Su). This evi-
dences the necessity of a simple but anisotropy-sensitive
technique to refine our estimation of CF parameters.>8

The obtained results also provide an important caveat
about the interpretation of the EPR spectra of non-Kramers’
Ln ions. As already mentioned, the X-band EPR powder spec-
trum of Tb (Fig. Sg) features a transition close to zero field.
This is not compatible with the energy level pattern calculat-
ed using the CF parameters derived either from CTM or lu-
minescence,’5'¢ indicating a singlet ground state well sepa-
rated in energy by the first excited doublet (Fig.2, Tab. S3),
nor with a doublet ground state (strictly degenerate in trigo-
nal symmetry), which may arise by a different choice of CF
parameters. While a more detailed study might provide a de-
finitive answer, we hypothesize that the observed EPR transi-
tion may be due to Tb3* centers that experience a lower
symmetry CF, resulting in two low-lying singlets separated
by about 0.3 cm™ (the microwave energy in X-band). The sit-
uation is reminiscent of what reported for
[Tb(nicotinate);-2H20], for which an EPR spectrum was ob-
served despite magnetic and optical measurements indicated
a singlet ground state: this was attributed either to defective
sites or to the effect of residual solvent molecules in the lat-
tice.29 The XRPD pattern (Fig. S12) gave no evidence of the
presence of other crystalline phases, so that the species re-
sponsible for the EPR signal is less than 5%.

Concluding, we studied the magnetic anisotropy of three
derivatives of the LnTRENSAL family using CTM. The set of
CF parameters used to correctly reproduce these data pro-
vided an energy pattern different from the one extracted by
luminescence measurements, especially in the case of Tb and
Dy, for which no direct luminescence information was avail-
able for their ground multiplet. The use of torque magne-
tometry can efficiently flank spectroscopic techniques to
model the magnetic anisotropy of lanthanide based SMMs.
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Table of Contents Synopsis

Torque magnetometry based on capacitive cantilevers appears to be very well suited to investigate the
magnetic anisotropy of lanthanide ions, which is currently a hot topic in molecular magnetism. Sin-
gle crystals of trigonal complexes of late lanthanides with the anion of the 2,272”-
tris(salicylideneimino)trimethylamine have been investigated with this technique and the results,
modelled with a Crystal Field approach, have evidenced sizeable discrepancies from previously re-

ported data based on luminescence spectra.




