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Understanding the origin of zero-field splitting (ZFS) in molec-
ular magnets is of great importance, because the ZFS determines
many of their interesting properties, such as magnetic hysteresis
and quantum tunneling of the magnetization.

The aim of this report is to elucidate the microscopic origin of
ZFS in dinuclear exchange coupled systems with large anisotropies.
To this end we have prepared a nickel(ll) complex disfiloro)-
tetrakis(ethylenediamine)dinickel(ll) dichloride, p&n)Cl;]Cl; (1)
(Figure 1)? ) . .

Several sets of spin Hamiltonian parameters have been publisheﬂ??ﬂzls'alé rgfy jgﬁtc;_ure of [Ni(en)Clg]*" ? Hydrogen atoms are omitted
for 1 (Table 1), all obtained from temperature-dependent magnetic
susceptibility; they are not in agreement. We have investigated
in detail using both magnetization and magnetic resonance mea-
surements and are now able to unambiguously determine these
parameters 35 years after the first attempt. This shows the
effectiveness of magnetic resonance techniques at obtaining reliable
ZFS parameters. An additional reason for the failure of magne-
tometry to deliver accurate spin Hamiltonian values, particularly
ZFS, is the often used strong exchange approximation. This
approximation assumes the isotropic exchange to be much stronger
than other interactions. o ) ) oot 1

Magnetic properties of are shown in Figure 2The effective 0 5 100 1% 200 250 300 0123456
magnetic momente at T = 300 K is 4.6ug. Upon cooling it K BT

increases reaching a maximum of md at T = 14.0 K and then Figure 2. Magnetic properties of: (left) temperature dependence of the

decreases to 3,65 at T = 2.0 K. The initial increase indicates effective magnetic moment (calculated from magnetizatioB &t 0.1 T),
o . ) o . with the low-T region expanded in the inset; (right) field dependence of
ferromagnetic exchange interactions between the Ni ions, while the 5 gnetization aT = 2.0 and 4.6 K. Circles represent experimental points,

decrease at the lowest temperatures can be ascribed to the ZFS afnes represent calculated values using the best-fit parameters (Table 1).
the ground state. The measured value of magnetizatiB=ab.5
T and low temperatures (Figure 2) indicateS & 2 ground state,
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Table 1. Magnetic Parameters for 1

for which the theoretical saturation magnetization per complex is Ginsberg Ginsberg  Journaux  Joung this
Mo/ (Naug) = 4.0 forg = 2.0. parameter? etalt etalt etal.® etal.® work

To explain the magnetic behavior df the following spin J(cm™h +19.7 +20.9 +51 +7.0 +9.66
Hamiltonian was postulated: Giso 214 212 2.25 2.242

Da (cm™) —6.5 +11.1 -10.0 9.7 —4.78
N r - &2 1,32 Dag (cm™) —0.64
Hy = —J(Sa*Sp) + DalSy,” — 7354) + Ea (cm™Y) -20
&2 _13&2 & & 1 a3 zj(cm L -0.33  —0.042 —0.42  —0.402
De(Ss;” — 75S8") + Dag(SarSs, — 7384 Sg) + J(em)
1g9.B.S, — Zjl8 LS, (1) a All values are written according to convention in eq 1.

whereJ stands for the isotropic exchange const@ntandDg are the principal axis of the locdDa, De, and the pairwis®,g tensors
the axial single-ion ZFS parameterBag is the asymmetric coincide.zjis the common molecular-field parameter which is due
exchange parameter (the sum of dipolar and anisotropic exchangeto small intermolecular interactions affi[lis a thermal average

interactions between the two magnetic centers). We assumed thaff the spin projection im direction. The assumption of a molecular-
field parameter is supported by the existence of the hydrogen-bond

IPaIack’yUniversity. network (Supporting Information, Figure S1). The antisymmetric
Slovak Technical University. ; : : ; ;

$ Florida State University. exchange was excluded due to the inversion center in midpoint
#Universitd Stuttgart. between Ni(ll) centers.
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vIGHz spectra for the best-fitted parameters using the EasySpin patkage.
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Further, experimental and simulated powder HFEPR spectra at
various frequencies (Figure S3) show good conformity.

The values of both anisotropy parameters of interest: local
(single-ion)Da = —4.78 cnt! and pairwise (asymmetri€)ag =
—0.64 cn1! were thus found. A moderate positive value of the
exchange coupling constaht= +9.66 cntl, when compared with
Da, means that the condition of strong exchange coupling is no
longer fulfilled.

The reconstructed energy levels calculated using magnetic
parameters in Table 1 are displayed in Figure 3. ZFS parameters
calculated for molecular spin states by using coupling coefficients
areD; = (—Da + Dag) = +4.1 cnt! for S= 1 andD, = (Da +
Dag)/3= —1.8 cnTfor S= 2. In the weak exchange limit (Figure
S4), the two molecular spin statgs 0Cand|0, 0Care mixed through

B/T

wol w0 ZFS interaction and the energy gap betw¢gniland |2, +10is
é /% not equal toD, but has a value oA, = —1.1 cnm™.
. . 0 — In conclusion, our declared goal to determine reliably all spin
§ of of  ==<__b Hamiltonian parameters il was accomplished. To our best
S ol > 20 ] knowledge, this is the first time that thBag parameter was
w0l f - d extracted from a powder sample of a Ni(ll) dinuclear complex using
modern magnetic and spectroscopic techniques cooperatively. The
B T 0 15 20 2500 5 10 15 20 25 information thus acquired, together with the methodology developed
BT BT to this purpose, will enhance our understanding of the properties

Figure 3. (Top) A plot of HFEPR resonances Invs sub-THz frequency of more complicated metal clusters. In particular, it will allow one
atT = 4.2 K. Circles represent experimental resonance positions at specific to relate the experimental observables to microscopic interactions
frequencies; lines represent calculated values using spin Hamiltonian jn such systems.

parameters in Table 1 for parallel (black solid line) and perpendicular (gray
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B, = B(sin 6 cos ¢, sin 0 sin ¢, cos ) the molar magnetization

was calculated as Supporting Information Available: Details of synthesis, H-bond
network formation inl, EPR spectra at different temperatures and
z (Z Z Cﬂ (Z)w Ci) expl—e, /KT) frequencies, energy level mixing in the weak exchange limit. This
T ' material is available free of charge via the Internet at http:/pubs.acs.org.
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