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ABSTRACT: We report the discovery of a less
symmetric crystalline phase of Mn,, acetate, a
triclinic phase, resulting from recrystallizing the
original tetragonal phase reported by Lis in
acetonitrile and toluene. This new phase exhibits the
same structure of Mn, acetate clusters and the
same positions of tunneling resonances on the
magnetic field as the conventional tetragonal phase.
However, the width of the zero-field resonance is by
at least one order of magnitude smaller - can be as
low as 50 Oe - indicating very small inhomogeneous
broadening due to dipolar and nuclear fields.

Chemistry and physics of molecular magnets have
been intensively studied in the last two decades!
after it was found that they provide an ultimate limit
of the miniaturization of a permanent magnet? and,
on top of it, exhibit quantum tunneling of the
magnetic moment.>® Other fascinating quantum
effects observed in molecular magnets include
quantum topological Berry phase,” magnetic
deflagration,®® and Rabi oscillations.'®!* Remarkably,
recent experiments performed with individual
magnetic molecules bridged between conducting
leads and molecules grafted on carbon nanotubes
have permitted the readout of quantum states of
individual atomic nuclei.’*'* Quantum superposition
of spin states in magnetic molecules makes them
candidates for qubits - elements of quantum
computers.*

Among the most studied molecular magnets,
Mn;, acetate, which was first synthesized by Lis,* is
a prototypical spin-10 molecular magnet that shows
quantum magnetic hysteresis due to resonant spin
tunneling.® Spin tunneling in a Mn; cluster is
illustrated in Scheme 1. The resonances are

Scheme 1. Thermally assisted tunneling between
resonant spin levels in a Mny; cluster of spin S = 10. The
black solid curve shows the dependence of the classical
magnetic anisotropy energy on the angle that the
magnetic moment forms with the magnetic anisotropy
axis. Red lines show energies of spin levels
corresponding to magnetic quantum numbers m and
m’. The dash line illustrates quantum tunneling from m

achieved on changing the external magnetic field B.
Their width is due to inhomogeneous dipolar and
hyperfine broadening, as well as due to D-strains
and g-strains.'® Typically observed widths of the
resonances are in the ballpark of 1 kOe. The zero-
field resonance stands out because it is not subject
to D-strains and g-strains. It also does not depend
on whether one works with a single crystal or non-
oriented microcrystals. For conventional Mn,
acetate, the typical width of the zero-field resonance
is in the ballpark of 300 Oe. Inhomogeneous
broadening of spin-tunneling resonances is one
obstacle on the way of achieving terahertz lasing
and superradiance effects in molecular magnets.*®*°



Herein we report the discovery of a less symmetric
crystalline phase (triclinic phase) of Mn;, acetate
that exhibits surprisingly narrow width of the zero-
field resonance, which in some instances, can be as
low as 50 Oe.

Recently, we reported spin-tunneling maxima in
the field derivative of the magnetization of
amorphous non-oriented Mni acetate
nanospheres.?® This observation challenged the
conventional wisdom that quantum resonances can
only be observed in single crystals or in systems of
oriented microcrystals. The amorphous Mn,, acetate
spheres were prepared by initially dissolving single
crystals of Mn;, acetate corresponding to the
tetragonal phase reported by Lis'® in acetonitrile.?
Then, this solution was added into a toluene solution
to provoke a fast precipitation of a brown solid.
Finally, the resulting mixture was filtrated by
conventional filtering paper, and the Mn,;, acetate
nanospheres were collected by centrifugation (8000
rom during four minutes) of the filtrate. In this
process, a surprising observation was that the initial
collected brown solid was crystalline and that the X-
ray powder diffraction showed a different pattern to
that exhibited by the tetragonal Mn;, acetate
crystals (see Figure S1).* Field-emission scanning
electron microscope (FESEM) images of this brown
crystalline powder revealed the formation of ribbon-
like microcrystals (width: 0.8 = 0.3 um, length: 3.2 =
1.9 um; see Figure S2).

To identify this new crystalline phase, the
reaction was slowed down by diffusing vapors of
toluene over a solution resulting from dissolving the
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tetragonal Mn., acetate crystals in acetonitrile. After
three days, small brown rectangular plate-like
crystals suitable to perform single-crystal diffraction
experiments using synchrotron radiation were
obtained (see Figure S3). The new Mn;, phase
(hereafter called Mnyz wicinic) Crystallizes in the P 1
space group; in contrast to the tetragonal J 4 space
group of the original Mni, acetate reported by Lis
(Figure 1la; see Table S1).» In comparison to the
initial tetragonal phase, the structure of the
Mn12012(0,CCHs)16(H20)s  cluster in  this new
crystalline phase is preserved (Figure 1b). The
asymmetric unit contains twelve Mn atoms
exhibiting octahedral coordination geometry. Two
different environments for the Mn atoms can be
observed. The four central Mn*" (Mnl-Mn4) are
situated in the core of the structure forming a cubic
oxocluster [Mn;041®*, where each Mn*t s
coordinated to one oxygen atom from an acetate
group and five bridging oxygen atoms. Surrounding
the central Mn**-oxocluster, there are eight more
Mn3* atoms (Mn5-Mnl12) held within a non-planar
ring by eight oxygen atoms. Half of these Mn3*
atoms (Mn5, Mn7, Mn9 and Mnll) coordinate to
three oxygen atoms from three different acetate
groups, to one oxygen atom from a water molecule
and to two bridging oxygen atoms. The remaining
four Mn3* atoms (Mn6, Mn8, Mnl0 and Mnl2)
coordinate to four oxygen atoms from four different
acetate groups and to two bridging oxygen atoms.
The sixteen acetates are oriented in two different
directions: in axial (four pointing up and four
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Figure 1. a) XRPD of the Mni2 tricinic Mmicroribbons (blue) and the single crystals of Mnaz wicinic (red), as compared to the
simulated powder pattern for the crystal structure of Mniz wicinic. b) View of the Mn,, acetate cluster in Mniz triciinic. C)
Zero-field-cooled (black) and field-cooled (red) magnetization versus temperature for a sample of Mni2 triciinic at H = 100
Oe. A single peak indicates the absence of any second species of Mn;, clusters. d,e) Comparison between the
arrangement of Mn,, acetate clusters in the tetragonal (d) and triclinic (e) phases. Arrows (conceptual) show the
directions of the easy magnetization axes of the clusters. Note that the Mn,, acetate clusters are aligned along their easy
magnetization axes in the tetragonal phase, whereas they are not in the triclinic phase; note that acetate ligands and

toluene and water molecules have been omitted for clarity.



pointing down)
directions.

The main difference between Mniz tricinic and
the tetragonal phase resides in the presence of
intercalated toluene solvent molecules (Supporting
Information, Figure S4) as well as in the
intermolecular packing of the Mni, acetate clusters.
Comparing both phases, the Mn;, acetate clusters in
the more symmetric tetragonal phase show an
overlap alignment along the a, b and ¢ axes. This
latter corresponds to the alignment of the easy
magnetization axes of the Mn,, acetate clusters
(Figure 1d). However, this perfect alignment of the
easy magnetization axes of the clusters is lost in
Mny; viainic (Figure 1e). This phase only shows an
overlap alignment of the clusters along the <110>¢(,
and (1 10> ¢directions.

To investigate the magnetic properties of
MnN12 triainic, We first carried out low-temperature
magnetic measurements on a compressed
powdered sample inside a commercial rf-SQUID
Quantum Design magnetometer. Figure 1lc shows
zero-field-cooled (ZFC) magnetization as a function
of temperature. The maximum at about 3.5 K
corresponds to the conventional blocking
temperature of the Mn,, acetate cluster. Below that
temperature, the clusters hold their magnetic
moments while, above that temperature, they
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Figure 2. a) Hysteresis loops of the magnetization of
Mna: wiainic taken at different temperatures. The data
along the descending branch is obtained by saturating
the sample in a positive field and reducing and
reversing the magnetic field. The curves show large
jumps at zero field that have not been previously
observed in Mny; Lis phase. b) d(M/Ms)/dH along the
descending branch of Mnizwiainie at different
temperatures. Spin-tunneling maxima at zero and first
resonant fields are clearly observed. Inset shows low
field structure of the zero field maximum at 2.2 and
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Figure 3. Exponential time relaxation of the normalized
magnetization in a field of -20 Oe at different
temperatures from 2.0 K to 2.8 K in increments of 0.2 K.
become superparamagnetic. The absence of any
secondary maxima in the ZFC curve indicates the
presence of only one species of Mn,, acetate having
fixed magnetic anisotropy energy of about 65 K.
Hysteresis loops of the magnetization taken at
different temperatures are shown in Figure 2a. The
corresponding descending branches are obtained by
first saturating Mniz wiainic in @ positive magnetic
field of up to 3 T, and then reducing the magnetic
field to zero, reversing it, and increasing the field in
the opposite direction at a constant rate. Analogous
protocol is carried out for the ascending branches.
Striking feature of these magnetization curves is a
very large narrow jump of the magnetization at zero
field for both ascending and descending protocols. In
the past, such jumps have only been seen in a large
magnetic field due to the phenomenon of magnetic
deflagration.?® The latter is equivalent to chemical
combustion: reversal of the magnetic moments of
the molecules leads to the release of their Zeeman
energy into heat that further enhances magnetic
relaxation. However, at B = 0, there is no Zeeman
energy to burn, so that the deflagration as an
explanation to the jumps is ruled out. The derivative
of the normalized magnetization, d(M/Ms)/dH, along
the descending branch is shown at different
temperatures in Figure 2b. It clearly indicates four
tunneling maxima at the conventional resonant
fields of Mn., acetate, separated by about 0.46 T.
Analogous behavior is observed for the ascending
protocol. The presence of such maxima in
d(M/Ms)/dH of non-oriented amorphous particles of a
molecular magnet has been explained in a previous
study.'® The new feature is an extremely narrow
width of the zero-field maximum. In some instances,
it is below 50 Oe (Figure 2b, inset). Such a narrow
spin tunneling resonance has never been observed
in any molecular magnet.

In accordance with the narrow width of the zero-
field resonance, one finds an unusually fast
magnetic relaxation near zero field (Figure 3). A
single exponential provides a good fit to the time
dependence of the magnetic moment of the sample
at all temperatures explored (2.0 - 2.8 K), with mean
lifetimes ranging from 438 s to 1530 s
approximately. This means that a single energy
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Figure 4. Linear time dependence of In(Mi/Mf ) during a

stepwise field sweep at T = 2.6 K.
barrier contributes to the relaxation. It is determined

by the distance from the ground state level E, to the
level E,, that dominates thermally assisted quantum
tunneling (Scheme 1).

The jump in the magnetization due to resonant
spin tunneling is determined by the incoherent
Landau-Zener process.? The initial, M;, and the final,
Mg, magnetlzatlons re connected through
M/ M;=exp [nAl expr E, Em)/le(ZU)},
where A is the tunnel spllttlng of the'level m that
domlnates thermally assisted quantum tunneling,
and UZZmHBZ, is the rate at which Zeeman energy
is changing due to the field sweep, [ being the
Bohr magneton. The double exponential
dependence on temperature provides a hint why the
size of the magnetization jump in Figure 2a
increases sharply with a relatively small increase of
temperature. An additional proof of the Landau-
Zener dynamics of the magnetization comes from
the analysis of the experiment in which the field
sweep near zero field on a field reduction from
saturation was conducted in equal field steps, with a
sizable magnetization change after each step and a
little change between the steps For two consecutive
steps has
(M, /M, |[M, /M, m) M, /M, .., where

M; n+1—f\/[ has been Used. Writing (,(, as A B/ At,
, one obtalns after N steps
T[A2 —|Ey—E,|IT

M. —Fo !
e A b= At + AL+ AL,

f
resulting in In ¢, oo t. The linear time dependence of

In(M{6iii Mf)(',(', observed in experiment is
illustrated by Figure. 4.

The width of the zero-field resonance is
determined by the inhomogeneous broadening due
to dipole-dipole interaction between magnetic
moments of the Mni, acetate clusters and due to
hyperfine interactions that are rather strong in Mnj..
Strong dipolar broadening in conventional tetragonal
crystals of Mny; acetate is due to the tendency of the
clusters to form ordered chains along the tetragonal
¢ axis. This tendency should be greatly diminished in
the triclinic structure. In the new crystal phase
Mn1; ticinic reported here, the magnetic moments of
the clusters do not perfectly overlap (Fig. 1e). Still it
appears unlikely that the dipolar broadening in

Mni2 ticinic Would fall below 50 Oe. Even if the
dipolar broadening of the resonance is very low,
the question would remain about the absence of
the hyperfine broadening, which should be of the
order of a few hundred Oe. One possible
explanation to the data is provided by recent
theoretical work that shows that the magnetization
reversal in a molecular magnet may occur inside a
front of quantum tunneling moving through the
sample. This may happen either due to the
formation of a domain wall with a zero dipolar bias
inside the wall?® or due to the formation of a self-
organized front of quantum tunneling with zero
bias between tunneling spin levels regardless of
the nature of inhomogeneous broadening.?* The
latter effect presents the most interesting
possibility. It is similar to the optical laser effect: The
dipolar field in a system of magnetic dipoles self-
organizes to provide the fastest relaxation to the
minimum energy state. It has been demonstrated?
that self-organization of dipolar field can provide the
resonant condition in the presence of a very
significant (up to 25 %) broadening of the energy of
spin levels. Further studies will reveal if self-
organization is the reason for the observed narrow
zero-field resonance. If it is, it may open the way of
lasing with molecular magnets in the terahertz
frequency range.
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