ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Polyhedron 26 (2007) 2320-2324

POLYHEDRON

www.elsevier.com/locate/poly

>>Mn nuclear spin relaxation in the truly axial single-molecule
magnet Mn,-z-butylacetate thermally-activated down to 400 mK

A.G. Harter , C. Lampropoulos °, M. Murugesu °, P. Kuhns ?, A. Reyes %,
G. Christou ®, N.S. Dalal **

& Department of Chemistry and Biochemistry and National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL 32306, USA
® Department of Chemistry, University of Florida, Gainesville, FL 32611, USA

Received 21 September 2006; accepted 19 November 2006
Available online 1 December 2006

Abstract

We report on the measurements of the spin—lattice relaxation time, 77, of Mn,0;,(0>CCH,Bu");s(CH30H)4 - CH;0H, a truly axial
symmetry Mn, single-molecule magnet (SMM), with the view to examining the role of point symmetry and lattice-solvate molecules in
this Mn;, SMM. The measurements were made over 0.390-1.8 K, on freshly prepared single crystals which afforded much higher spectral
resolution than magnetically aligned powder. The measured 7 is found to be thermally activated, and follows either a T2 or exponential
behavior over 0.390-0.7 K, in contrast to the temperature-independent behavior for Mnj,-acetate, where Jahn-Teller isomers are
thought to be the origin of the temperature-independent nuclear relaxation mechanism.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Single-molecule magnets (SMMs) have been an active
area of research for over a decade now [1]. Sustained inter-
est in these molecules is a result of the newly discovered
quantum tunneling of magnetization (QTM) phenomena
inherent in these systems, which implicates the possibilities
associated with quantum computing and magnetic memory
storage at the molecular dimension [2,3]. The first SMM,
[Mn;,0,5(CH3CO0)4(H,0)4] - 2CH;COOH - 4H,0 (Mn,»-
Ac) [4], is by far the most investigated system [5]. Recently,
however, Mn,-Ac has been shown to be a heterogeneous
compound, in that there are at least four different variants
of the molecule, owing to the different numbers of
CH;COOH solvate molecules surrounding the Mn;, core,
as recognized first by Cornia et al. [6]. Originally, it was
thought that these distortions provided a mechanism
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by which QTM could be enhanced, however, this has been
contradicted by the more recent synthesis of highly
homogenous SMMs, which are derivatives of Mnj,-Ac
and exhibit similar  behavior [7].  Specifically,
[Mn;,0,5(0,CCH,Br)4(H20)4] - 4CH,Cl,  (Mn»-BrAc),
and [MH12012(02CCH2B11[)IG(MCOH)4] -MeO H (Mnlz-l-
Bu), the latter shown in Fig. 1 [8]. Two recent reports on
Mn,-BrAc have displayed the possibilities of chemically
altering these materials by ligand substitution, changing
the physical properties and allowing a detailed comparison
with known compounds [9,10]. On the other hand, very lit-
tle information has been reported on Mn,-t-Bu, prompt-
ing the current study. Comparison within a family of
SMMs can provide information that would otherwise be
hard to determine experimentally, such as the role that spin
diffusion or loss of local symmetry plays as we increase the
size of the ligands, keeping the core of the molecule the
same.

Mn»--Bu, like Mnj,-Ac, is composed of four Mn*"
(S=3/2) ions and eight Mn®*" (S=2) ions [8]. The
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Fig. 1. Mn,-#-Bu crystal structure.

Mn*" ions are ferromagnetically coupled to each other
and form a ring around the cubane-like (Mn4Oy4) struc-
ture of the Mn*" ions, which are also ferromagnetically
coupled. The interaction between the Mn®* and Mn*"
ions, however, is antiferromagnetic, giving a total spin,
St=10. The electronic Hamiltonian representing this
system is then given (assuming a giant spin model)
as

H = ugH - g - S + DS* + BSOS + BIO; + A,

where the first term represents the Zeeman interaction, and
for our purposes is zero (because we apply no external
field). D is the axially anisotropic zero-field splitting
parameter and is followed by higher order crystal field
terms; the last term representing rather small perturba-
tions. For the case of Mn,---Bu: D= —-0.665K,
B} = —0.036 mK, and B = —0.062 mK, as established by
EPR [11]. The negative axial anisotropy makes the
mg = %10 levels the ground state and can be thought of
as a type of double potential well. Because our experiments
are performed at 3 K and below, our only excitations occur
in the ground state of the system, which is where we would
like to probe the QTM mechanism. The nuclei at these tem-
peratures are relaxed through the coupling of the electrons
to the phonons, thus, nuclear relaxation measurements give
insight into the dynamics of the electronic system, which is
why this technique has been chosen. To this end we have
measured the spectrum and spin-lattice relaxation (77) of
Mn,--Bu and show that, in zero external field, the elec-
tron relaxation from 700 mK to 400 mK does not occur
dominantly through a tunneling mechanism.

2. Synthesis and crystal growth

Mn,-#-Bu is synthesized by a carboxylate substitution
of Mnj,-Ac followed by re-crystallization with CH3;OH/
Et,0, as described elsewhere [8b]. The crystals were dark
with a brick shape and had dimensions of
I mm X 1 mm X 2 mm.

3. NMR experimental details

Mn NMR measurements were made using a locally
developed MAGRes2000 Integrated Wideband NMR
spectrometer with quadruture detection and a home built
high frequency probe [12,13]. For the measurement of the
spectrum, samples were prepared by removing the crystal
from its mother liquor and immediately covering in 5-
min epoxy to prevent crystal fractures after thermal
cycling. Immediately after the epoxy was set, the sample
was mounted into the coil and cooled in a dewar of liquid
Helium. The spectrum was acquired at 1.45 K, below the
blocking temperature, Ty, of ~3 K because of fast 7, times
above this temperature. A Hahn echo pulse sequence was
used while the frequency was scanned from 220 MHz to
400 MHz, usually taking 0.25 MHz steps. Frequency scans
were necessary because of the large peak widths (~5—
20 MHz). Pulse lengths were of the order of 500 ns.

Preparation of the sample for He-3 measurements con-
sists of surrounding the crystal with N-grease before plac-
ing into a coil. He-3 experiments were performed in a
Janis cryostat. The system is capable of maintaining
~380 mK for 12 h with the heat load from the NMR probe
and pulses. After that time, the He-3 is re-condensed. T}
measurements were conducted on the Mn*", Mn(1) peak,
down to 390 mK. In order to saturate any quadrupole split
peaks, we apply a frequency hopping comb pulse, discussed
in a previous publication [9]. This comb pulse is repeated
up to 20 times to ensure the spins are perturbed from equi-
librium. Evidence for this is seen in the good fits of the
relaxation data to a single exponential function. Any devi-
ation from exponential is due to the fact that we are unable
to achieve full saturation. The 7, data are fit to the
following exponential, as reported earlier [9] M(¢) =
(Mo, — My)[1 — exp(—t/T))] + My, where M(z) is the time
dependent nuclear magnetization, M, is the equilibrium
magnetization, ¢ is the time between the saturation
sequence and the observation spin-echo, M, is the remnant
magnetization immediately following the saturation comb,
and T is the longitudinal (spin—lattice) relaxation time.

4. Results

As shown in Fig. 2, the 3Mn NMR spectrum of Mn,-¢-
Bu exhibits three sets of peaks, the two Mn*" ion environ-
ments and the Mn*" jon environment, essentially similar to
those for Mn,-Ac and Mn,-BrAc [9,10,14,15]. Peaks are
assigned by considering the number of unpaired electrons
at each Mn site, along with any Jahn-Teller distortion
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Fig. 2. Single crystal >>Mn NMR spectrum of Mn,,-z-Bu.

[14]. Because the Mn*" ions have one less electron than the
Mn*" ions, it is expected that the Mn*" Fermi Contact
hyperfine field will be smaller, thus resulting in a lower res-
onance frequency. Also, because the Mn*" ion is in an
environment of electron distribution which is close to
cubic, we do not expect there to be a large quadrupole split-
ting. The Mn(1) peak at 230.1 MHz (21.91 T) can then be
assigned to the Mn*" ions. The full width at half maximum
(FWHM) is 2.8 MHz, which is broad when compared
against the Mn(2) peaks FWHM of 1.9 MHz. A closer
examination of the Mn(1) peak shows structure at the
apex, indicating the presence of quadrupolar interactions,
which would result in a broadened peak. Isomers could
also increase the peak width, similar to that seen in
Mn,-Ac [10], however, there is no clear evidence for iso-
mers after examination of the Mn(2) peak. If in fact the
Mn(1) peak is split by quadrupole effects, then the Mn**
ions no longer exist in a cubic environment.

The Mn(2) and Mn(3) peaks are assigned by considering
their X-ray structure (Fig. 1). The angle the local Jahn—
Teller axis makes with the molecular c-axis governs the
strength of the quadrupole and dipolar interaction. The
smaller the angle, the larger the quadrupole splitting and
dipolar contribution will be. Because the dipolar hyperfine
term is opposite in sign to the Fermi contact term (the main
contributor to the hyperfine field), a larger dipole interac-
tion will result in a smaller effective hyperfine field (lower
resonant frequency) felt at the nuclear site [14].

The Mn(2) peak, with the largest quadrupole frequency
and lower resonant frequency, can then be assigned to the
four Mn*" ions which are slightly tilted away from the c-
axis with an angle of ~13.7°. The central peak for the
quadrupolar split resonance is located at 294.0 MHz, has
an internal field of 28.00 T, and a FWHM of 1.9 MHz.
The separation between each resonance, Avg ~ 6.4 MHz,
results in ¢’qQ ~ 46.6 MHz; with the quadrupole energies
being obtained from the following equation:

Em = —’))nhH()mn —+

g0 (3cos’0—1 )
H2I-1) ( 2 >[3mﬂ — I+ 1)

The first term is a result of the effective hyperfine splitting
and the second term is the quadrupole perturbation. eQ is
the electric quadrupole moment, eq is the gradient of the
electric field along the z-axis, and 6 is the angle the Jahn-
Teller axis makes with the crystallographic c-axis. Taking
the energy difference between two neighboring m, levels
allows the calculation of ¢’¢Q.

The Mn(3) peak has a central frequency of 360.8 MHz
resulting in an internal field of 34.36 T. It is also split by
quadrupole interactions as a result of its 36.6° tilt of the
local Jahn-Teller axis with respect to the molecular c-axis.
Because of the larger angle, the quadrupolar and dipole
terms are smaller, making assignment of this peak straight
forward. For Mn(3), ¢gQ ~ 36.1 MHz is calculated taking
the separation between each resonance, Avy ~ 2.5 MHz.

While the bulkier ligands provide a greater separation
among Mn;, molecules, diminishing intercluster dipolar
effects, they also provide a small distortion in the local elec-
tron symmetry, evidenced by the quadrupole splitting of
the Mn(1) peak. Although isomers do not appear to be
present in this system, the loss of local symmetry gives
Mn,-BrAc the advantage of a being the model system
for SMMs. However, in terms of sample stability, it seems
that Mnj,-#-Bu is superior, as no asymmetry is seen in any
of the resonance signals. Previous studies on Mn;,-BrAc do
show asymmetry in the first and third peaks and are
thought to be a result of sample degradation [10,11]. Even
the freshest crystals of Mnj,-BrAc exhibit this behavior.
Thus, the bulkier ligands in Mnj,--Bu seem to protect
the core molecule from the effects that interstitial solvent
loss may have on smaller systems.

T1 measurements of the Mn(1) peak show very similar
behavior to the two previously studied Mn;, compounds
(Mnj,-Ac and Mn;,-BrAc) in the high temperature limit
(Fig. 3) and are fit in a similar manner to that previously
reported [9,16] (solid line in Fig. 3) using,

T (L)
Wity

T7' =~ Cexp(—AE/T), with C ~

resulting in a pre-exponential factor of C~ 1.64x 10° s~
and a activation energy of AE =13.1 K, corresponding
well with the separation between the mg= +10 and
mg = 19 states.

Upon reducing the temperature below 0.8 K, we see a
dramatic increase in the spin-lattice relaxation time. In
fact, at 400 mK 7, ~ 1000 s, roughly three times as long
as Mn,-BrAc and an order of magnitude longer than
Mn;,-Ac, partly a result of the bulkier ligands. The data
at these temperatures follows either a 7> or exponential
type of dependence (Fig. 4). It is obvious that QTM is
not the dominant relaxation mechanism in this tempera-
ture range as this would produce a temperature-indepen-
dent relaxation region.
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Fig. 3. Inverse 7T of the Mn(1) peak of Mn,-¢-Bu single crystal.
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Fig. 4. Inverse T; of the Mn(1) peak of Mn,-7-Bu single crystal with high
and low temperature fit: (a) low temperature fit is a 72 dependence and (b)
low temperature fit is exponential in temperature.

5. Discussion and conclusion

This study again shows that >>Mn NMR using single
crystals consistently provides higher resolution data than
crushed aligned powders. Of the high symmetry molecules,
Mn,-BrAc and Mn,-#-Bu, both offer impressive potential
for investigation as new model SMM compounds. While
Mn,-2-Bu shows evidence for the loss of cubic symmetry

at the Mn*" site, the sample shows no asymmetry in its
peaks, in contrast to Mnj,-Ac and Mn,-BrAc, thus attest-
ing to be a more solvate-tough lattice.

The bulky ligands of the Mn,-#-Bu also reduce inter-
cluster interactions, greatly increasing the length of T for
this compound in the low temperature limit (7} ~ 1000 s
at 400 mK). The data also clearly show a temperature
dependence over the entire range studied, indicating that
tunneling is not the dominant mechanism by which the
nuclei are relaxed. The low temperature (below 0.7 K) ther-
mally-activated nuclear 7'} observed for Mnj,--Bu here,
and earlier for Mn,-BrAc [9] is in sharp contrast to the
temperature-independent behavior reported for Mnj,-Ac
by Morello et al. [16], and ascribed to the relaxation caused
by the so-called ‘fast relaxing’ isomers (estimated to be
present in 5-8% concentration in crystals of Mnj,-Ac).
These fast-relaxing isomers have a much lower anisotropy
barrier, and lower symmetry (Jahn-Teller axes deviating
from their easy axes), and they exhibit tunneling in zero
field. On the other hand, the standard Mn;,-Ac molecules
have their Jahn-Teller axes parallel to the easy (c-axis),
including the solvent isomers [1,17]. Since no such fast-
relaxing species are present in Mnj,-#-Bu, one may surmise
that this compound should show a different nuclear relax-
ation behavior than Mnj,-Ac. Nevertheless, both Mn,,-
BrAc and Mn,-t-Bu show a definitive change in the slope
of their nuclear 7; below about 0.8 K.

Above 0.8 K, the T follows the model of nuclear relax-
ation via electronic spin fluctuations between the
Mg=+10 and Mg=+19 states. Clearly, once nuclear
relaxation by spin fluctuations freezes out below ~0.8 K,
some other relaxation process takes over. The details of
this new process remain unclear at this point, although
the exponential fit to the data between 0.39 K and 0.70 K
reveals that there might be a lower temperature barrier of
about 1.1 K. Further studies using Mni,-Ac, and at tem-
peratures lower than 0.39 K should prove helpful to under-
stand this process, and are being contemplated.
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