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Abstract: A highly asymmetric Ni"
cluster [Ni,(OH)(OMe);(Hphpz),-
(MeOH);](MeOH) (1) (H,phpz=3-
methyl-5-(2-hydroxyphenyl)pyrazole)

has been prepared and its structure de-
termined by means of single-crystal X-
ray diffraction by using synchrotron ra-
diation. Variable-temperature bulk-
magnetization measurements show that
the complex exhibits intramolecular-
ferromagnetic interactions leading to a
spin ground state S=4 with close-lying
excited states. Magnetization and high-
frequency EPR measurements suggest

netic anisotropy, with zero-field split-
ting parameters D=-0.263cm ' and
E=0.04 cm™! for the spin ground state,
and an isotropic g value of 2.25. The
presence of both axial and transverse
anisotropy was confirmed through low-
temperature specific heat determina-
tions down to 300 mK, but no slow re-
laxation of the magnetization was ob-
served by AC measurements down to
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1.8 K. Interestingly, AC susceptibility
measurements down to temperatures
as low as 23 mK showed no indication
of slow relaxation of the magnetization
in 1. Thus, despite the presence of an
anisotropy barrier (Ux4.21cm™ for
the purely axial limit), the magnetiza-
tion relaxation remains extremely fast
down to the lowest temperatures. The
estimated quantum tunneling rate, I'>
0.667 MHz, makes this complex a
prime candidate for observation of co-
herent tunneling of the magnetization.

the presence of sizable Ising-type mag-

Introduction

The discovery of stable magnetization at low temperatures
in certain molecular clusters sparked an expansion in the

field of molecular nanomagnetism in the early 1990s.%

These molecules, known as molecular nanomagnets or
single-molecule magnets, consist of a number (typically be-
tween 4 and 20) of paramagnetic transition metal ions,
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which are bridged by simple ligands and surrounded by an
organic ligand shell. The small size of these molecules, com-
bined with their absolute monodispersity, makes them po-
tential successors to the magnetic nanoparticles used cur-
rently for magnetic data storage. Many fascinating quantum
properties were observed in these systems, such as quantum
tunneling of the magnetization (QTM),** quantum phase
interference,”’ and quantum magnetic oscillations.®

The past intensive research, however, has shown that the
requirements for successful application of molecular nano-
magnets are quite stringent. The ions in the cluster need to
be coupled by the superexchange interaction so that the
cluster ground state has a large spin S. Furthermore, the ani-
sotropy of this spin ground state needs to be such that the
microstates with the largest magnetic moment (Mg=+S5)
are lowest in energy. This anisotropy, characterized by the
axial zero-field splitting (ZFS) parameter D and higher-
order parameters, creates an energy barrier for inversion of
the magnetic moment and hence stable magnetization at
low temperatures, with a barrier height given by U~ DS? (or
U~D(S*—'/,) if S is half-integer). The spin Hamiltonian
which defines the energy levels of the ground state is given
by Equation (1), in which the first term is the second-order
axial ZFS, and the second is the second-order transverse
anisotropy.

W TFS _ D[SZZ*IAS(S + 1)] + E(szis‘yz) (1)

Transverse ZFS changes the character of the eigenstates
of the system from pure M states (denoted by |Ms>) to
symmetric and antisymmetric superpositions of the =+ M;
states, denoted by |Mg>+|—-Ms>, and |Mg>—|—-Mg>,
respectively, in which normalization constants have been
omitted. These states are split by an amount known as the
tunnel frequency, and in a time-dependent picture the mag-
netic moment will oscillate from up to down and back at
that frequency. This phenomenon has been named quantum
tunneling of the magnetization.* The process is usually in-
coherent: that is, quantum mechanical phase information is
lost before the magnetization can tunnel back and forth sev-
eral times.”! For observation of coherent quantum tunneling
of the magnetization to be possible, the tunneling rate must
be greater than the rate of decoherence in the system. Deco-
herence in molecular nanomagnets is caused mainly by in-
termolecular dipolar and exchange interactions (which can
eventually cause long-range ordering),® and coupling to lat-
tice vibrations (phonons) and nuclear spins.”! Coherent
quantum tunneling of the magnetization is a form of macro-
scopic quantum coherence. The observation of macroscopic
quantum coherence is a holy grail in the study of how the
quantum world of molecules transforms into the classical
world that we experience. Quantum tunneling of the mag-
netization is made possible by the occurrence of superposi-
tion states. These superposition states are the key feature of
quantum computing,””! which is why molecular magnets that
show superposition states have recently been at the center
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of much attention regarding quantum computing;®1*? de-
coherence rates of 10*°-10*" Hz were found.

Tetranuclear nickel(IT) cubane complexes have proven to
be a class of complexes with highly interesting magnetic
properties. Although many such complexes have been re-
ported,™ the magnetic properties of fewer than 20 have
been investigated in detail. Of these, in most cases the su-
perexchange interaction is predominantly ferromagnetic,
leading to a high-spin (S=4) ground state. In several cases
the magnetic anisotropy and/or the magnetization dynamics
have been investigated.!""?!! From these studies it can be
concluded that the second-order axial anisotropy is usually
negative, but that quantum tunneling of the magnetization is
often very efficient, sometimes to the point of disappearance
of any magnetic hysteresis. The actual tunneling rate has
been determined for only one [Ni,] cubane complex (Vpne =
0.2s™" at 40 mK for [{Ni(hmp)(dmb)(Cl)},] (Hhmp=2-hy-
droxymethylpyridine; dmb = 3,3'-dimethyl-1-butanol), which
is also the highest reported rate for ground-state tunnel-
ing).®¥l This is much slower than the rate of decoherence; the
tunneling will therefore be incoherent. This tunneling of the
magnetization persists in complexes that have fourfold sym-
metry, in which second-order transverse anisotropy is
absent. In that case, tunneling is a result of an effective
fourth-order transverse anisotropy, which has its origin in
the quantum mixing between the ground spin multiplet and
excited multiplets by the single-ion anisotropy®® or by the
antisymmetric exchange interactions.”>*! A decrease in the
cluster symmetry allows second-order transverse ZFS, which
can increase the QTM rate further, as shown for Mn, com-
plexes.?>%!

Here, we present the synthesis and experimental study of
a nickel(IT) cubane complex of extremely low (C;) symme-
try, which cannot be increased by idealization of its struc-
ture. The complex was studied by magnetic resonance meth-
ods, specific heat measurements, and fast AC susceptibility
investigations. Of particular interest is the complete absence
of slow relaxation of the magnetization, down to 23 mK,
giving a huge value for the lower limit of the QTM rate,
[ umner = 3.8 x 10° s1, which is of the order of the expected de-
coherence rate, making this complex a prime candidate for
the observation of coherent tunneling of the magnetization.

Experimental Section

Synthesis: All syntheses were performed under aerobic conditions using
commercial reagents without further purification. The H,phpz ligand was
prepared according to reported procedures.’)

[Ni,(OH)(OMe);(Hphpz),(MeOH);](MeOH) (1): A solution of H,phpz
(161 mg, 0.9 mmol) and BuyNOH (2 mmol, added as commercial 0.1mM
methanolic solution (2 mL) in methanol (10 mL) was added dropwise to
a solution of [Ni(ClO,),]-6H,0 (365 mg, 1 mmol) in methanol (10 mL)
over a period of 1 min. A pale green microcrystalline precipitate formed
overnight (213 mg, 73%). Repeated analyses demonstrated that the
product rapidly exchanged MeOH solvate molecules for H,O molecules.
IR: 7=2925.8 (m), 2815.7 (m), 1598.4 (s), 1558.1 (m), 1460.6 (s), 1305.7
(s), 1266.9 (m), 1254.3 (m), 1122.6 (w), 1040.5 (s), 848.2 (s), 789.8 (W),
753.5 (s), 641.6 (w), 575.7 (w), 454.8 cm™' (m); elemental analysis calcd
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(%) for 1:5H,0(—MeOH): C 45.15; H 5.60; N 9.16; found: C 44.81; H
4.80; N 9.66.

Crystallography: Data for complex 1 were collected at 150 K by using a
Bruker APEX II CCD diffractometer on station 9.8 of the Synchrotron
Radiation Source at CCLRC Daresbury Laboratory, 0.6894 A, from a sil-
icon (111) monochromator. The structure was solved by direct methods
and refined using the SHELXTL suite of programs. All non-hydrogen
atoms were refined anisotropically except for those sites not fully occu-
pied. Displacement and geometrical restraints were used in modeling the
partially occupied molecules. If possible, the hydrogen atoms were placed
geometrically. Most methyl and hydroxyl hydrogen atoms were found in
the difference map. If they could not be found, they were omitted from
the refinement. The hydrogen atoms were refined using a riding model
for C—H bonds. For the O—H bonds the distance was restrained and the
displacement parameter ridden on the oxygen.

Magnetic measurements: Magnetic susceptibility (both DC and AC) and
magnetization measurements down to 1.8 K were performed with a
Quantum Design MPMS XL5 SQUID magnetometer. Corrections for di-
amagnetic contributions of the sample holder to the measured magneti-
zation and of the sample to the magnetic susceptibility were performed
experimentally and by using Pascal’s constants, respectively.

High-frequency and high-field electron paramagnetic resonance
(HFEPR): Measurements were performed at Stuttgart and at the Nation-
al High Magnetic Field Laboratory (NHMFL). A single-pass transmis-
sion-type spectrometer in which the sub-terahertz waves propagate in cy-
lindrical light pipes, as described previously, was used in the HFEPR ex-
periments at the NHMFL.¥ Sub-terahertz frequencies were generated
by Gunn oscillators, operating at either 95+3 or 110+3 GHz, respective-
ly. Higher frequencies were obtained using Schottky diode-based multi-
pliers. An Oxford Instruments 15/17 T superconducting magnet was used.
Experiments were performed on a pellet pressed from the neat material
mixed with KBr. The typical sample weight was 100 mg.

Measurements at Stuttgart were performed on a quasi-optical spectrome-
ter that uses backward-wave oscillators as tunable radiation sources, and
an Oxford Instruments Spectromag 4000 8 T optical split coil magnet.”’!
The spectrometer was converted for field-swept measurements by
changes in the software only.

The spectra were simulated using two different programs: a home-devel-
oped program Spin by A. Ozarowski, and Easy-Spin by S. Stoll."!

Specific heat: The specific heat of a powdered microcrystalline sample
was measured using a Quantum Design PPMS. The sample was mixed
with Apiezon N grease to increase the thermal contact with the calorime-
ter and the homogeneity in temperature across the sample. The relaxa-
tion method was used in which the temperature of the calorimeter block
was monitored over time after switching pulses of heat power on and
off.P13 The pulses were calibrated to give maximum temperature steps
of about 2% of the absolute temperature. The contributions arising from
the empty calorimeter and the grease were measured separately, and sub-
tracted from the data to obtain the heat capacity of the sample.

AC susceptibility experiments: The AC susceptibility was measured using
a combination of two different setups. In the first a home-made mutual
inductance susceptometer was thermally anchored to the mixing chamber
of a *He—*He dilution refrigerator, which enabled measurements to be
performed from 0.09 K up to 3.5 K in the frequency range 333 Hz <v,c<
13 kHz. A powdered sample was fixed inside the secondary coil of the
susceptometer by mixing it with Apiezon N grease. To attain even lower
temperatures and higher frequencies, we made use of a second home-
made system in which the sample and susceptometer were installed
inside the plastic mixing chamber of an especially designed *He—*He dilu-
tion refrigerator, therefore ensuring perfect thermal contact with the
*He-*He mixture and enabling experiments down to the base tempera-
ture of about 23 mK. To avoid any contamination of the mixture, the
powdered sample of 1 was embedded in Araldite. We checked that this
sample showed the same magnetic behavior above 1.8 K as the original
powder, both before the ultralow-temperature experiments and after-
ward, indicating that the complex remained intact. The susceptometers
consisted of two oppositely wound pickup coils and a superconducting
excitation coil. The two setups used a lock-in amplifier to detect the vol-
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tages arising from in-phase and out-of-phase magnetic signals. Unfortu-
nately, the out-of-phase signals measured in the high-frequency suscep-
tometer were below its sensitivity limits. Therefore, we report y” data for
frequencies up to only 13 kHz. These low-temperature data were cali-
brated against susceptibility measurements performed with a Quantum
Design MPMS® XL 5 SQUID magnetometer in the temperature region
of overlap between the two setups.

Other physical measurements: IR spectra were recorded as KBr pellet
samples on a Nicolet 5700 FTIR spectrometer. Elemental analyses were
performed in-house on a Perkin-Elmer Series I CHNS/O Analyzer
2400, at the Servei de Microanalisi of CSIC, Barcelona, Spain.

Results

Synthesis: The reaction of [Ni(ClO,),] and H,phpz in metha-
nol in the presence of the base Bu,NOH resulted in the im-
mediate formation of a microcrystalline precipitate. The
dropwise addition of the deprotonated ligand to the Ni" so-
lution avoided an excess of Hphpz~ (H,phpz=3-methyl-5-
(2-hydroxyphenyl)pyrazole) in the system, thus preventing
the precipitation of the known monomeric adduct
[Ni(Hphpz),],®¥ which was otherwise found in variable
amounts in the crude product. The identity of the product as
crystallized from the reaction mixture was established by
synchrotron single-crystal X-ray crystallography to be
[Ni,(OH)(OMe);(Hphpz),(MeOH);](MeOH) (1), formed
according to Equation (2).

4[Ni(ClO,),] + 4 Hphpz + 8 Bu;NOH + 7MeOH —
[Ni,(OH)(OMe); (Hphpz),(MeOH);}(MeOH)  (2)
+8 By, N(CIO,) + 7H,0

Layering of chloroform or dichloromethane solutions of
this product with diethyl ether or hexane resulted in forma-
tion of diamagnetic [Ni(Hphpz),]. This underscores the la-
bility of complex 1 in solvents other than MeOH, which
opens a facile route to the other thermodynamically stable
product observed in this reaction system, namely the mono-
meric species. The ability of H,phpz to induce the aggrega-
tion of metal ions into molecular clusters had already been
shown by the formation of octanuclear and trinuclear Mn™
complexes.** The present results confirm that ability.

Crystal structure: Table 1 summarizes the crystallographic
details of 1, while selected structural parameters are given
in the Supporting Information, Table S1. Complex 1 consists
of a tetranuclear nickel(IT) aggregate (Figure 1 and Support-
ing Information, Figure S1) with a pseudo-cubane [Ni,O,]
core composed of one pentacoordinated and three hexa-
coordinated Ni" ions, and triply bridging oxygen atoms from
one hydroxide and three methoxide ligands. For each metal
ion, the octahedral coordination sphere (Nil, Ni3, Ni4) is
completed by one chelating pyrazolyl/phenoxide ligand
Hphpz™ and one terminal MeOH molecule. The pentacoor-
dinated Ni" center (Ni2) lacks the MeOH ligand and shows
a distorted geometry, between square pyramidal and trigo-
nal bipyramidal (r=0.33).”! Of the four chelating ligands,
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Table 1. Crystallographic data for [Ni,(OH)(OMe);(Hphpz),(MeOH);]-
(MeOH) (1).

crystal shape/color lath/green
crystal size [mm’ 0.30x0.06x0.02
formula C4775sHgsNgNi, Oy 75
formula wt [gmol '] 1189.92

crystal system monoclinic
space group P2/c

a[A] 19.1695(15)

b [A] 20.6612(16)
c[A] 13.5460(11)
a[°] 90

£ 1°] 92.820(2)

7 [°] 90

V[AY] 5358.6(7)

V4 4

T [K] 150(2)

Peaic [gem ] 1475
wavelength (synchrotron) [A] 0.6894

u [mm™] 1.451

unique data 16184

R, ] yy R2IYI (I>20(1)) 0.0497, 0.1376 (11863 reflns)
[a] R=%| Fol —|Fe| ‘ S|F,|. [b] wR2= [E[W(Foz_Fcz)z]/E[W(Foz)z]]1/2'

Figure 1. Representation of the molecular structure of 1, in which only Ni
atoms are labeled. Hydrogen atoms are not shown, and broken lines indi-
cate hydrogen bonding interactions.

which are essentially flat, three form a kind of “crown”
around the cluster, each ligand forming an N—H--O hydro-
gen bond with the adjacent ligand. An idealized C; cluster
symmetry is disrupted by the presence of the five-coordinate
Ni" center, the p;-OH™ ligand of the core, and the coordina-
tion sphere around Nil. Thus, the pseudo-cubane cluster 1
has no idealized symmetry at all, which renders it a very
rare example within the family of [Ni;O,] cubanes (see
below). The structure of 1 also shows a solvate MeOH mol-
ecule interacting directly with the core of the cluster
through an O-H--O hydrogen bond (Figure 1).

The unexpected low symmetry of 1 led us to consider the
symmetries of reported [Ni,] cubanes. In a recently reported
survey of [Ni,O,] cubanes, the idealized symmetry and the
deviation from that symmetry were considered on the basis
of Ni—O bond lengths and angles only.™®! However, the
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nature of the ligand carrying the oxygen atom has also been
shown to influence magnetic properties strongly,* and the
same is true for the nature of the remaining ligands.””-* In
addition, the nature and symmetry of the arrangement of all
the ligands around the metal centers will determine the pos-
sible presence and magnitude of the different ZFS parame-
ters. Therefore we have reexamined the structure of the 51
complexes with the [Ni,O,] core deposited at the Cambridge
Structure Database (version 5.28, May 2007), and have clas-
sified them into six groups, depending on their idealized
symmetry, taking into consideration the immediate ligand
environment of the metal centers and the connectivity be-
tween them which determines the number of different ex-
change coupling constants that can occur (Supporting Infor-
mation, Figure S2). Surprisingly, this survey shows that 1 is
one of the few [Ni,O,] cubanes with no (idealized) symme-
try elements at all; only three other examples are
known. 4

Magnetic susceptibility: The variable-temperature bulk mag-
netization properties of 1 were studied by SQUID magneto-
metry in the 1.8-300 K range in an applied magnetic field of
300K the

05T (Figure?2). At yuT  product is

2w/ cm’Kmol™

0 50 100 150 200 250 300
T/K
Figure 2. The measured y,,7 product as a function of 7 at an applied field

of 0.5 T (o), and the fit using the parameters described in the text (—).
The inset shows the spin coupling scheme for this fit.

5.72 cm*Kmol ™, which is slightly above the expected value
of four noncoupled Ni" ions with commonly found g=
2251 (5.07 cm®*Kmol ™). This increases on cooling until a
maximum of 9.96 cm®>Kmol™' is reached at 8 K, after which
it decreases abruptly at lower temperatures, down to
7.37 cm®*Kmol " at 1.8 K. These results suggest the presence
of predominantly ferromagnetic intramolecular interactions
leading to an S=4 ground state, although the x,,7T" value for
this state (12.66 cm®*Kmol™ for g=2.25) is never reached.
This low maximum value and the decrease observed at
lower temperatures are attributed to ZFS, saturation effects,
and the possible mixing, induced by the applied field, of the
S=4 multiplet with excited multiplets. This is supported by
AC susceptibility data measured at zero field. These experi-
ments give a y,T peak of about 11.6 cm®*Kmol ™!, which is
much closer to the value expected for an S=4 ground state,
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and a three times smaller decrease at 2 K. An estimate of
the exchange coupling constants, and therefore of the mag-
netic energy level scheme, of complex 1 was obtained by
modeling the higher-temperature (7>10K) experimental
data, using full diagonalization procedures implemented in
the program CLUMAG." Despite the C, symmetry of the
complex, which allows six distinct exchange interactions, an
approximation was sought by employing the minimum
number of J values, to avoid overparametrization. The use
of a single J value produced no satisfactory simulation, but a
good fit (Figure 3) was obtained with a two-/ model, de-

104
8
—_— e 0 5 O
. 6 g Y 05T
Ky o 4T
g
= 44 A 3T
v 2T
2 ST
= 0T
o{ «x x05T
T T T T
0 1 2 3
H 1
7/TK

Figure 3. Isofield reduced magnetization as a function of H/T plots for 1,
collected at different constant magnetic fields (various symbols, defined
on the figure) and fits as described in the text (solid lines).

scribed by the spin Hamiltonian given by Equation (3), con-
structed according to the numbering scheme of Figure 1.

A =T (8-S, +8, -8 +85,-S;) 3
_JZ(SI 8, +8,-8,+8;- S4)

Here, the different Ni--Ni pathways for magnetic ex-
change were divided into two groups: those within Ni, pairs
bridged by one u-OH™ group and one u-OMe™~ ligand (/J;),
and those involving two u-OMe™ bridges. The calculation
provided the parameters J;=4+13.0cm™, J,=+0.5 cm ™" and
g=229, with an error of R’=46x10° (R’=
SO Teate— 2 Tons) /2t Tops)?). These results are in agree-
ment with reported magnetostructural correlations which
predict ferromagnetic interactions between Ni" ions exhibit-
ing Ni—O—Ni angles smaller than 99°.*! In complex 1, only
one angle (99.34°) is larger than this limit. The ferromagnet-
ic exchange interactions lead to an S=4 spin ground state
with first excited states S=3 and S=2 lying at only 1.84 and
322 cm™' higher energies, respectively. Because of these
small energy separations, extensive mixing between the spin
states can be expected.

Variable-temperature isofield reduced magnetization data
were collected at various magnetic fields (0.5, 1, 2, 3, 4, and
5T) to characterize the spin ground state. The isofield lines
are not superposable (Figure 3), indicating the presence of
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ZFS of the ground state. These data were simulated through
a full diagonalization procedure by using the spin Hamilto-
nian in Equation (1) for the S=4 ground state. The fit
(Figure 3) produced the parameters D=-1.11cm™, E=
0.02cm™ and g=2.33. Using a positive D value led to a
considerably worse fit, and gave D=10lcm!, E=
0.11 cm™', and g=2.30. The discrepancy between the experi-
mental and calculated points is because the S=4 ground
state is not well isolated from the excited states, which leads
to both mixing between spin states (see below) and thermal
occupation of excited spin states. Thus, the calculated ZFS
and g value parameters should be taken as only approxi-
mate. Much more reliable parameter values can be obtained
from HFEPR measurements, which we therefore carried
out.

HFEPR measurements: Typical HFEPR spectra recorded
on powder samples of 1 in the high-frequency region
(~270-370 GHz) showed two very broad transitions
(Figure 4) that were interpreted as the parallel and perpen-
dicular turning points of the transition between the My=+4
and Mg=+3 levels of the S=4 spin manifold. Lower-fre-
quency spectra had additional fine structure (Figure 4) su-
perposed on the broad resonances. The spectra were simu-

195.3 GHz

92.8 GHz

—r——r—r—"T— T v v
0 2 4 6 8 10 0 2 4 6 8
Magnetic field / T

Figure 4. HFEPR spectra of 1 at 7=5.0 K at »=369.8, 277.1, 195.3, and
92.76 GHz, as indicated on the figure. Solid traces are experiments; thick
black traces are simulations with D <0 (D=-0.263cm™!, E=0.04 cm !,
Ziso=2.25); broken traces are simulations with D>0 (D=+0.30cm ",
E=0.04cm™, g,=24). The g strain parameters Ag, =0.15 and A =
0.10, as well as field-independent linewidths AH ; =1000 G and AH =

667 G were employed.

Chem. Eur. J. 2008, 14, 11158 -11166


www.chemeurj.org

Novel Ni, Complex

lated using the second-order ZFS spin Hamiltonian [Eq. (4)]
acting on the S=4 spin ground multiplet. The best agree-
ment between the simulations and experiment was obtained
for the axial ZFS parameter D =-—0.2634+0.003 cm !, and
E=0.0440.01 cm™!, which therefore give a theoretical ani-
sotropy energy barrier U=4.21 (5) cm™'. Importantly no
reasonable fit was obtained for positive values of D
(Figure 4). The fits are relatively insensitive to the E param-
eter, because of the large linewidth, especially at high fre-
quencies. Extensive simulations showed that the best fit is
obtained assuming a constant linewidth of 1000 G for per-
pendicular turning points and 667 G for parallel turning
points in addition to a sizable distribution of g parameters
(g strain) of Ag, =0.15 and Ag; =0.10, which accounts for
the observed line broadening with increasing frequency/
field. This g strain is much larger than that found for other
molecular magnets, for example, Mn,Ac.[**! The isotropic
g value is 2.25, which is typical for both single-ion Ni" com-
plexes and their clusters.™*"!

# =PBB-g-S+DS2-S(S+1)/3) + E(5,2-5,%) (4)

A survey of reported ZFS parameters for [Ni,] cubane
clusters (Table 2) shows that the D value of 1 is among the
lowest values reported for such clusters. The structure that
is visible in the lowest-frequency spectrum (93 GHz) shows
that many different transitions become allowed at low fields,
because ZFS and Zeeman terms are of comparable magni-
tude. This leads to extensive mixing between M levels and
significant magnetic resonance intensity of nominally forbid-
den EPR transitions. Not all features in the experimental
spectrum are reproduced in the simulation. This raises the
possibility that we were observing an excited spin state (S=
3). However, a temperature-dependent experiment per-
formed at 93 GHz was inconclusive: although some temper-
ature-dependent spectral changes were indeed observed,
there was no clear thermal activation of particular spectral

Table 2. Reported ZFS parameters for ferromagnetic [Ni,] cubane complexes.
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features that would allow us to attribute them to an S=3
spin state. Another explanation is that the additional fea-
tures are a result of mixing between the ground spin state
and the low-lying S=3 state which will allow intermultiplet
transitions, as was recently observed.”! In summary, we ad-
vance the following explanation: at high frequencies and
fields, the M¢=4 state of the S=4 multiplet is stabilized
with respect to the other states, and a relatively simple spec-
trum is observed. At low frequencies and fields, the multip-
lets are extensively mixed, rendering an analysis of the EPR
spectra in terms of separated multiplets impossible. At-
tempted fits in the full Hilbert space of the molecule are
doomed to fail because of the large number of free parame-
ters allowed by the low symmetry of 1.

Specific heat: The measurement of the specific heat pro-
vides information on the ZFS, the process of relaxation
toward thermal equilibrium, and the occurrence of long-
range magnetic ordering.”? Above T=3-4 K, the molar spe-
cific heat of a sample of 1 (Figure 5) is dominated by the
contribution of vibration modes. This contribution can be
fitted reasonably well up to room temperature by the sum
of three contributions: a Debye term, accounting for the
specific heat of acoustic phonon modes, plus two Einstein
terms that simulate the specific heat owed to intramolecular
vibrations (optical modes). This constitutes the simplest pos-
sible approximation to describe the complex vibrational
spectrum of this molecule. Therefore, the Debye tempera-
ture 6,~25 K that ensued from these data must be taken as
an estimate. In any case, this value is of the same order of
magnitude as those found for other crystals of molecular
clusters.?>3241 Below T=3 K, additional contributions to
the specific heat appear. These are associated with the mag-
netic degrees of freedom of the molecules. The shape of the
experimental curve suggests the presence of a Schottky
anomaly, with a peak centered near 1.5 K. This anomaly is
associated with the ZFS of the magnetic levels as represent-

ed by the anisotropy terms of

the spin Hamiltonian. We have

calculated this contribution
Complex ZFS parameters [cm™'] Method Ref. using the simplest spin Hamil-
[Ni,(OH)(OMe);(Hphpz),(MeOH);]*)  D=—-0.263, E=0.04 HFEPR this work  tonian [Eq. (1)] for the S=4
[Ni,(thme),(MeCN) ?]]lbl D=-043, E?0.0172 ¥ y [14] ground state multiplet and
[Ni,(sae),(MeOH),]' D=-0.93, B;’=-0.00043, INS, FDMRS [17] . 1

taking D=-0.26 cm™ as found

| E|=0.023, B;*=—0.0021

[Ni,(sae),(MeOH),] D—=_101 Mvs. H [17] by HFEPR. The results calcu-
[Niy(hmp),(dmb),(Cl),]*! D=-0.60, B,"=—-0.00012, B,*=0.00041 HFEPR [18,19] lated for E=0 lie clearly above
[Ni,(hmp),(MeOH),(CI),] D=-0.715, B,"=—-0.00017" HFEPR (18] the measured values, whereas a
[Niy(hmp),(MeOH),(Br),]*! D =-0.632, B,"=—0.00015"1 HFEPR [18] better agreement is obtained
[Niy(hmp),(EtOH),(C1),]*! D =-0.610, B,"=—0.00012!") HFEPR [18]
[Ni,(pym),(CH,OH),(Cl),] D=_047 P 20] for E=-D/3. A . rllonzero .E
[Niy(pym),(CH;0H),(N;),]® D=-0.10 ¥ [20] value reflects additional split-
[Ni,(OMe),(O,CCMe;),(MeOH),] D=-0.28 INS [16] tings in the low-lying spin levels
[Ni,(OH)y(dpa).]**"" D=-20 x (21] that are not a result of uniaxial
[Niy(OAc),(ampdH),]"! D=-0.33 ¥ [15]

anisotropy. Other mechanisms

[a] Hophpz =3-methyl-5-(2-hydroxyphenyl)pyrazole. [b] thme =trihydroxymethylethane. [c] H,sae =salicyli-
dene-2-ethanolamine. [d] INS =inelastic neutron scattering, FDMRS =frequency domain magnetic resonance
spectroscopy. [e] Hhmp =2-hydroxymethylpyridine, dmb=3,3'-dimethyl-1-butanol. [f] The spin Hamiltonian
parameters are given for the highest ZFS species only. [g] Hpym = pyridine-2-methoxide. [h] dpa=2,20-dipico-

lylamine. [i] ampdH,=2-amino-2-methyl-1,3-propanediol
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for inducing additional level
splittings include effects owed
to mixing between spin states,
which can be expected given
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Figure 5. Specific heat measurements on 1, showing experimental data
(0), and the fit (—) with the calculated ZFS (-----), and lattice (+++++)
contributions. The inset shows an expanded view of the low-temperature
region. Fits obtained for two E values are displayed.

the sizable anisotropy and the small energy gap to excited
spin multiplets. The optimum E parameter obtained from
the simulation of the specific heat data should therefore be
taken as a strong indication of the presence of interactions
beyond second-order axial ZFS, rather than being consid-
ered quantitatively accurate. Therefore, we believe the spe-
cific heat results agree with those from HFEPR. Further
contributions to the specific heat are observed below 0.6 K,
reflecting the existence of low-lying energy states (for exam-
ple, nuclear spin states) or small splittings caused by inter-
molecular magnetic—dipole interactions. Because the former
is not expected to exceed 0.04 Rmol™', we assume the latter
is the case.

AC susceptibility: In spite of the Ising-like anisotropy of 1,
AC susceptibility measurements down to 1.8 K show no sig-
nature of slow magnetization dynamics. Therefore we em-
barked on ultralow-temperature studies of the magnetiza-
tion dynamics. The frequency-dependent susceptibility of 1
measured down to 23 mK at frequencies up to 92 kHz show
typical (super)paramagnetic behavior (Figure 6). It is reas-
suring that data measured on two samples using two differ-
ent setups overlap very well in their common temperature
ranges. For temperatures above 300 mK the susceptibility is
independent of frequency v, Below this temperature, a
very small decrease in )’ with increasing v,c was observed
(see the data on the Figure 6 inset) accompanied by the
onset of a weak imaginary component x”. Yet the difference
between the curves measured at 33 kHz and 91.55 kHz is
only 7% at 23 mK. Despite possessing a sizable anisotropy
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Figure 6. AC susceptibility of 1 measured at different frequencies as indi-
cated in the figure. The inset shows the variation with frequency of y’
(filled symbols) and y” (open symbols) at two temperatures. Solid (x')
and dotted ()”) lines are calculated with the Debye equations (5) and (6)
using y.,=0 and I'=0.667 MHz.

energy barrier (U~4.21 cm™') compared with the experi-
mental temperature, Ni, clusters show therefore no clear sig-
nature of the superparamagnetic blocking, or SMM behav-
ior, that is characteristic of other molecular nanomagnets
such as Mn,,, Feg, or Mn,.”) The susceptibility data show in-
stead that the spin reversal remains extremely fast even in
the neighborhood of the absolute zero of temperature. To
obtain a lower limit for the magnetic relaxation rate I', we
note that, for weakly interacting spins, the susceptibility is
expected to follow Debye’s law [Egs. (5) and (6)], in which
Xeq and y. are the equilibrium and high-frequency (adia-
batic) limits of the susceptibility, respectively, and o =27v ¢
is the angular frequency corresponding to the oscillation fre-
quency used in the AC susceptibility measurement. The
weak dependence of ¥’ on w and the very small values of y”
indicate therefore that I' is much larger than the highest AC
frequency employed, @y, =5.8x10° rads™".

A ST ®
7 = e o) ©)

This is illustrated in the Figure 6 inset, in which the solid
lines show y' and y” calculated using Equations (5) and (6)
(with x,,=0, for simplicity) for I'=0.667 MHz. The same
data show also that I depends only weakly (that is, not ex-
ponentially) on temperature.
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The relaxation mechanism must therefore involve direct
tunneling between the two lowest-lying states, with M,==+4.
This is not unexpected, since the population of excited mag-
netic energy levels can be safely neglected below 100 mK.
However, as we argue next, conventional spin—lattice relaxa-
tion mechanisms do not seem to account for the very large
rates estimated from the experiments. At millikelvin temper-
atures, the only spin—phonon process that is expected to
contribute to tunneling relaxation is the direct one.*’:*
Two-phonon processes such as Raman and Orbach process-
es are expected to be negligible because of the absence of
phonons at these low temperatures.””! Furthermore, they
always give rise to a strong dependence of I' on tempera-
ture, which is not observed experimentally. The probability
of a direct phonon-induced tunneling transition between the
tunnel-split Mg=+4 states can be estimated by Fermi’s
golden rule [Eq. (7)], in which ¢ is a constant depending on
the strength of the spin—phonon interaction, AE is the
energy splitting of the ground-state doublet, and |V,,_.4| is
the matrix element of the spin—phonon interaction for the
tunnel-split M¢=+4 states.**> The latter depends on the
exact wavefunctions, and thus also on the different terms
contributing to the spin Hamiltonian. In particular, it de-
pends on the competing effects between terms of the Hamil-
tonian that induce tunneling (for example, transverse ZFS
and transverse dipolar and hyperfine fields) and those that
tend to block it (for example, bias magnetic fields induced
by dipolar interactions). It is therefore difficult to estimate
it accurately. Our preliminary calculations suggest neverthe-
less that T,_.,<107%s7!, that is, remarkably, almost 12
orders of magnitude smaller than the lower limit found for
the spin-lattice relaxation rate of 1.

l—‘m:i4 ~ q(AE)3 ‘ Vm:i4 ‘2 (7)

Clearly, another tunneling mechanism must dominate re-
laxation to equilibrium at very low temperatures.”**>] For
a deeper insight into the physical nature of this mechanism,
susceptibility data extending to higher frequencies, in the
megahertz range, would be highly desirable, thus enabling a
direct determination of ' as a function of temperature and
magnetic fields. These experiments are under way.

Conclusion

We have presented a comprehensive study of a novel ferro-
magnetically coupled [Ni;] cubane. We have shown that its
low symmetry leads to extraordinarily fast magnetization re-
laxation down to the lowest temperature; this is a result of a
combination of effects causing the loss of pure uniaxial ani-
sotropy, including second-order transverse zero-field split-
ting and spin-mixing effects. In Ni, complexes, decoherence
rates are expected to be small, owing to the virtual absence
of metal nuclear spins and weak intermolecular dipolar in-
teractions. For this reason, 1 might be an excellent candidate
for observation of quantum coherent tunneling at zero field.
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Such extremely fast tunneling might occur also in other low-
symmetry complexes such as some Fe, complexes.>
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