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Long-Range Ferromagnetism of Mn;, Acetate Single-Molecule Magnets
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We use neutron diffraction to probe the magnetization components of a crystal of Mn,, single-molecule
magnets. Each of these molecules behaves, at low temperatures, as a nanomagnet with spin S = 10 and
strong anisotropy along the crystallographic ¢ axis. The application of a magnetic field H, perpendicular
to ¢ induces quantum tunneling between opposite spin orientations, enabling the spins to attain thermal
equilibrium. For 7 < 0.9(1) K, this equilibrium state shows spontaneous magnetization, indicating the
onset of ferromagnetism. These long-range magnetic correlations nearly disappear for uoH; = 5.5 T,
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possibly suggesting the existence of a quantum critical point.
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Magnetic nanostructured materials have opened new
frontiers for science and technology, due to their unique
size-dependent properties and the emergence of quantum
phenomena [1]. Several fundamental problems, however,
remain to be understood. Of particular interest is the ob-
servation of phase transitions induced by interactions be-
tween nanoscopic magnets in dense arrays. A crucial
question here is the mechanism by which the ordered
equilibrium phase is attained. For very small magnetic
clusters, zero-point quantum fluctuations (e.g., quantum
tunneling) are expected to dominate the relaxation process
at very low temperatures [2]. Eventually, these fluctuations
might even suppress long-range order provided they be-
come sufficiently strong against both interparticle interac-
tions and decoherence [3]. Such a quantum critical point
has been observed for model Ising ferromagnets [4], but its
existence remains uncertain for arrays of nanomagnets.
Understanding the interplay between ordering and quan-
tum fluctuations can be important for applications of these
nanomagnets in ultrahigh-density magnetic recording and
quantum computation, when it is necessary to control the
quantum behavior of entangled interacting qubits.

Usually, however, these phenomena are masked by the
particle’s size distribution and disorder present in even the
most homogeneous samples [5]. By contrast, molecular
magnetic clusters [6,7] are ideal candidates for these stud-
ies [8,9]. The cluster of Mn;, acetate [10], the first and
most extensively studied member of the family of single-
molecule magnets, contains 12 manganese atoms linked
via oxygen atoms, with a sharply defined and monodis-
perse size. At low temperatures, each of them exhibits the
typical behavior of a magnetic nanoparticle, such as slow
magnetic relaxation and hysteresis, due to the combination
of an § = 10 magnetic ground state with appreciable mag-
netic anisotropy. And finally, they organize to form tetrago-
nal molecular crystals. Since molecular spins couple via
dipolar interactions, these crystals are nearly perfect real-
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izations, with magnetic units of mesoscopic size, of the
Ising quantum model.

Long-range magnetic order, however, has not been ob-
served for Mn;, yet. One reason is that the spin reversal via
resonant quantum tunneling [11-14] becomes extremely
slow at low temperatures (of order 2 months at T = 2 K).
For the time scales 7, ~ 10>~10* s of a typical experiment,
the spins are unable to attain thermal equilibrium below a
blocking temperature 75 ~ 3 K, higher than the ordering
temperature 7. It has also been argued [9] that hyperfine
bias caused by randomly frozen Mn nuclear spins might
hinder the occurrence of long-range order in Mn;,. Here
we circumvent these experimental problems by the appli-
cation of a transverse magnetic field H| that promotes
quantum tunneling of the molecular spins. We report neu-
tron diffraction data that point to the existence of long-
range ferromagnetic order below 7.=0.9(1) K and
moH. ~5.5(5) T.

Magnetic diffraction of thermal neutrons is a suit-
able tool for these studies because it can probe the mag-
netization along the anisotropy axis [15] and accu-
rately determine the crystal’s orientation. The ~0.5X
0.5 X 1.5 mm? single crystal of deuterated Mn;, ace-
tate, [Mnlz(CD3COO)16(D20)4012] : 2CD3COOD : 4D20,
was prepared following the original method of Lis [10].
It was glued to a copper rod in good thermal contact with
the mixing chamber of a He-*He dilution refrigerator,
giving access to the temperature range 45 mK =7 =
4 K. The c axis was carefully oriented to be perpendicular
to the vertical field 0 = ugH,; = 6 T applied by a super-
conducting magnet. From the orientation matrix measured
at zero field and 7 = 4 K, we estimate that the crystallo-
graphic (110) direction lay within 0.1(1)° of the magnet
axis. Stray magnetic fields arising from Earth’s magnetic
field or other sources were of order 0.5 G.

At any temperature 7 = 4 K, we measured a series of
Bragg diffraction reflections as a function of H; [16]. Each
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reflection (hkl) contains nuclear Iy and magnetic I,, con-
tributions. The former contains information about atomic
order, whereas the latter is proportional to the square of the
magnetization components perpendicular to the (hkl) di-
rection. The nuclear contribution can be obtained by mea-
suring the intensity at zero field in the paramagnetic phase
(see Fig. 1). By subtracting this, I, can be estimated at any
field and temperature.

Given the strong anisotropy of Mn,, the magnetization
must be confined in the plane defined by the anisotropy
axis ¢ and the magnetic field, with components M, and
M |, respectively. The experimental protocol followed for
every reflection line is illustrated in Fig. 1, where we plot
raw rocking curves for the (220) reflection. For this re-
flection, the momentum transfer is orthogonal to that plane.
In addition, it has a very small nuclear contribution.
Therefore, I;;, must be sensitive to both M, and M, . At
4 K, I, « (uoH)?, as expected, since M, =0 in the
paramagnetic state and M is proportional to H. At
100 mK, by contrast, a large additional contribution to I,
shows up for uoH,; <5 T. Since M, is nearly indepen-
dent of T (see the inset of Fig. 2), the additional magnetic
diffracted intensity reflects the onset of a nonzero M,.
Furthermore, this low-T contribution shows hysteresis.
Indeed, as shown in Fig. 1, I, data measured while in-
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FIG. 1 (color online). Rocking curves for the (22 0) reflection
measured at two different temperatures and four magnetic fields.
The counting statistics are typical for such a small crystal under
these conditions. The lines are Gaussian fits. Numerical integra-
tion of these rocking curves gives the diffracted intensity /. The
magnetic diffraction intensities ;, were obtained at each tem-
perature and field by subtracting from the total intensity the
value measured at 4 K and uoH, = 0. A, T=4K; [ and @,
T = 100 mK measured while increasing and then decreasing
H |, respectively. The dotted line is a least-squares fit to a
parabola A(ugH | )>.

creasing H | after the sample was cooled at zero field from
T =1 K, lie clearly below those measured while decreas-
ing it, merging approximately at woH,; = 4(1) T. The
hysteresis means that spins can attain equilibrium within
the experimental time 7, =~ 7 X 103 s only above uoH | =
4 T. The fact that this field-induced ‘‘jump to equilibrium”
occurs at approximately the same field for 7 = 100 mK
and 7 = 600 mK confirms that relaxation proceeds via
temperature-independent tunneling processes [17,18].

To obtain M, and M, as a function of magnetic field
(Fig. 2) and temperature (Fig. 3), several reflection lines
were simultaneously fitted and the results calibrated
against SQUID magnetization measurements performed
at 4 K. At our minimum temperature 7 = 47 mK, M, is
approximately zero for woH | = 5.5(5) T, and then it in-
creases when decreasing uoH | , reaching 16 up per mole-
cule at zero field. The temperature dependence of this zero
field M, is shown in Fig. 3. It is approximately constant
until it begins decreasing sharply for 7 = 0.6 K. Above
1 K, as at 4 K, the fit gives M, ~ 0.

These experiments show the existence of a net magne-
tization along the anisotropy axis. The qualitative resem-
blance between M, vs uoH, and M, vs T curves is typical
of quantum ferromagnetic systems [4]. However, for such a
strong anisotropy, any deviation of the crystal from the
perpendicular orientation can induce, at wgH; >4 T,
some magnetic polarization along the anisotropy axis
[18,19] that would then freeze below 4 T. We know this
deviation from ‘“‘high”-temperature diffraction data to be
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FIG. 2 (color online). Longitudinal magnetization M, of Mn,
acetate measured while decreasing the transverse magnetic field
from 6 T. @ and O are for T = 47 and 600 mK, respectively.
Solid lines are calculated using Eq. (1) and the parameters given
in the text. Horizontal dashed lines show M, calculated at 4 T,
below which spins are “frozen” by the anisotropy energy
barriers. The dotted line shows M, induced at T = 600 mK by
the misalignment of the crystal (0.1°) in the case of no inter-
actions [Jo = 0 in Eq. (1)]. Inset: X, perpendicular magnetiza-
tion M, obtained at T =4 K with a SQUID magnetometer.
Data obtained from neutron diffraction are also shown: @, T =
47 mK; O, T =600 mK; A, T =4 K.
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smaller than 0.1° in our sample. In Figs. 2 and 3 we show
that such misalignment alone would give rise to a much
smaller M, than what we measure at 7 > 100 mK.
Actually, there is no misalignment that could consistently
account for all experimental data. Indeed, to account for
M, measured at, say, 0.35 K and 4 T, a deviation of at least
0.5° from perfect orientation is required. However, M,
would then decrease slowly with increasing 7 and remain
= Tupupto 1 K, in sharp contrast with the abrupt decrease
observed experimentally (Fig. 3). The small M, measured
for uoH, = 4 T above 500 mK gives an upper misalign-
ment bound of about 0.2°, in agreement with neutron
diffraction. Also the difference between the M, vs T curves
obtained at ugH | = 4 T and zero field would not be easy
to explain if the ground state were paramagnetic. The
increase of M, with decreasing field shows that spins
tend to polarize as they approach equilibrium at zero field.
The existence of long-range magnetic order is also sup-
ported by the finite temperature intercept [0.8(1) K] of the
reciprocal parallel susceptibility shown in Fig. 3(b). Our
data therefore strongly suggest that Mn,, acetate becomes
a ferromagnet for sufficiently low temperatures and mag-
netic fields. The ferromagnetic nature of the ordered phase
agrees with theoretical predictions [8], which, however,
predict 7, ~ 0.45 K, lower than observed. The discrepancy
might arise from the fact that Mn,, molecules are extended
nanoscopic objects and not pointlike spins [20]. It is worth
mentioning that the relatively strong hyperfine interactions
do not prevent the ordering of Mn;, molecular spins
probably because, as has been observed recently [2,17],
Mn nuclear spins also relax rapidly to equilibrium when
tunneling rates are sufficiently fast.
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FIG. 3 (color online). (a) Longitudinal magnetization M, ob-
tained from neutron diffraction data measured at woH,; = 0 (O)
and 4 T (@). Measurements were recorded after cooling the
sample in zero field and subsequently applying ugH;, =6 T
before setting the final field. The dotted line shows M, arising
from the misalignment (0.1°) of the crystal at uoH, =4 T.
Solid lines are calculations (for perfect orientation) that include
interactions via the mean-field Hamiltonian (1). (b) Reciprocal
parallel susceptibility measured at 7 > 4.5 K (i.e., for equilib-
rium conditions) along the ¢ axis. The line is a least-squares
linear fit, giving 7, = 0.8(1) K.

This qualitative interpretation can be put on a solid basis
with the help of theoretical calculations. A simple way to
introduce interactions in the analysis is by making use of a
mean-field approximation,

H = -DS? + C(S% + $%) — guoup(H,S, + H,S,)
- Jeff<Sz>Sz) (1)

where D and C are the uniaxial and in-plane anisotropy
constants, g = 2 is the gyromagnetic ratio, H, and H, =~
H | /2 are the magnetic field components along a and b,
Jegr is a mean-field interaction parameter, and (S,) =
M_/gup is the thermal statistical average of S,. We esti-
mated D = 0.62kjp by fitting the perpendicular magnetiza-
tion measured at 4 K, while C has been setto 2.5 X 1074 K
in order to fit the critical field uoH, = 5.5 T. These are of
the same order as the values obtained by spectroscopic
techniques [21]. We also set J.; =~ 4.5 X 1073k which
gives T, ~ 0.9 K. We notice that a reasonably good fit of
the temperature dependent M, would be achieved by set-
ting 7. between 0.75 and 0.9 K.

We have calculated M, and M, by performing a nu-
merical diagonalization of Eq. (1) followed by a self-
consistent calculation of the statistically averaged spin
components. Field- and temperature-dependent calcula-
tions account reasonably well for M, and M | , predicting,
in particular, the vanishing of M, at either H. or T.. The
incomplete saturation of M, at zero field arises probably
from “down” spins that remain frozen below uoH;, =4 T
because the quantum tunneling rates become too slow at
such low fields. We face here the curious situation that
quantum fluctuations, which can eventually suppress mag-
netic order, are nevertheless necessary to attain equilib-
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FIG. 4 (color online). Magnetic phase diagram of Mn,, ace-
tate. The solid dots show the critical magnetic field wyH. at
which the longitudinal magnetization is observed to vanish at
each temperature. The open dots give the irreversibility field,
below which spins are not in equilibrium. The solid line was
obtained from magnetization curves calculated with a mean-field
model [Eq. (1)].
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rium. In Fig. 4, we show the magnetic phase diagram of
Mn,, acetate obtained from our experiments. The applica-
tion of a perpendicular field tends to shift 7 significantly
towards lower temperatures. As before, the mean-field
calculations reproduce reasonably well the overall
features.

Summing up, our experiments on Mn;, nanomagnets
show the existence of a ferromagnetic phase below
~0.75-0.9 K that can be suppressed by the applica-
tion of an external magnetic field. Deciding if this field-
induced transition is driven purely by quantum fluctuations
requires measuring the critical behavior of M, [3], which
is clearly beyond the sensitivity of the present experi-
ment. What we do observe is that, above woH, ~5.5 T,
the order parameter M, vanishes even at the lowest acces-
sible temperatures (7 > 47 mK in our case). We note that
MmoH, is about two thirds of the anisotropy field
28SD/gup ~9 T that would be required to saturate the
Mn,, spins along a hard axis if they were classical spins.
In fact, as shown in the inset of Fig. 2, M | is still far from
saturation at H. These facts and the agreement with mean-
field calculations make it plausible that quantum fluctua-
tions can suppress long-range order. Within this interpre-
tation, M, vanishes because the magnetic ground state
becomes a superposition of “spin-up” and “‘spin-down”
states. Previously, the existence of quantum superpositions
of spin states was derived from the detection of the ensuing
tunnel splitting A [17,22,23], while here we have moni-
tored the vanishing of the z spin component.

Arrays of larger nanomagnets, such as magnetic nano-
particles, should show similar collective magnetic phe-
nomena [24], provided they are sufficiently ordered and
monodisperse, requirements that appear to be within the
reach of modern synthetic procedures [5]. However, be-
sides indications of the collective, spin-glass—like nature
of the magnetic relaxation [25], no clear-cut experimental
evidence for long-range order has been found yet. The
present and some other recent results [2] show that
bottom-up synthesis can provide physical realizations of
these ‘“‘superferromagnets,”” albeit on a smaller size scale.
Furthermore, quantum dynamics can be used to overcome
the slow relaxation and to switch between the ordered and
paramagnetic phases.
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