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We present new results on the zero-field magnetic relaxation in a single crystal of Mny, acetate. We
find three relaxation regimes. Above 2.8 K, the relaxation is exponential. Below this temperature,
deviations are observed. These deviations are more pronounced when temperature decreases between
2.4 and 2.0 K. Below 2.0 K they lead to a square root relaxation. A scaling analysis is proposed,
which shows the dipolar interactions can be treasted as a time-dependent local mean field in the
thermally activated tunneling regime. These evolutions of loca mean field produce deviations from
the exponential relaxation and can explain the square root regime at lower temperature.

PACS numbers: 73.40.Gk, 75.40.Gb, 75.60.Lr

The observation of quantum phenomena at the meso-
scopic scale is a challenging problem in condensed mat-
ter physics [1]. In magnetism, this field of research has
been particularly active in the last few years [2]. Strik-
ing evidence for quantum tunneling of the magnetization
has been found in the organometallic compounds Mn;,
acetate (Mnyp-ac) [3—6] and then in Feg [7]. Hystere-
sis studies performed on a single crystal of Mny,-ac [6]
have shown unusual staircaselike loops, with field-periodic
magnetization steps. These steps occurred at the cross-
ing of the level scheme of the spin § = 10 of a molecule.
Theoretical investigations have shown that quantum tun-
neling of a single S = 10 molecule can account neither
for the number of steps nor for their magnitude [8]. These
discrepancies suggest that the coupling to the environment
playsacrucial rolein the tunneling phenomenaof Mn,,-ac
molecules.

In this Letter, we report new results concerning
zero-field magnetic relaxation. Even if tunneling is
essentially a single molecule process, we find that the
relaxation law M(t) deviates strongly from exponential,
even at relatively high temperature, as a conseguence of
intermolecular dipolar couplings. Above 2 K, deviations
from an exponential time decay occur because the dipolar
field distribution evolves during the magnetization relaxa-
tion. Dipolar interactions act as a time dependent local
mean field, while the relaxation time follows the Arrhenius
law. Below 2.0 K, we observe a weaker dependence on
the temperature and an unusual square root relaxation law.
This result is compared with a recent theoretical model
[9] in which tunneling is assisted by fluctuations [6] of
nuclear spins and intermolecular dipolar interactions [9].

The relaxation experiments were performed on a
parallepipedic single crystal of Mny,-ac, using a conven-
tional SQUID magnetometer, in zero applied field and
in the temperature range 1.5-3 K. This single crystal
(85 ng weight) was taken from a powder synthesized
at the Department of Chemistry, University of Florence.
In order to saturate the sample, a magnetic field of 5T
was applied along the easy axis of magnetization of
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the crystal (from the slope of the magnetization curve,
the misorientation was found to be less than 5°). The
magnetic field was then reduced to zero at arate of 1 T
per minute, at constant temperature. The delay before
starting measurements was about 10 min. The time zero
was fixed at the beginning of this stabilization delay.
Depe?ding on the temperature, measurements lasted up
to 10° s.

A set of raw relaxation data is plotted in a semiloga
rithmic scalein Fig. 1 (top part for 1.5 < T < 2.1 K and
bottom part for 2.2 < T < 2.7 K). While such curves
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FIG. 1. Time decay of the magnetization, measured in the
remanent state at different temperatures. Note that the mag-
netization decay, plotted in logarithmic scale, isin general non-
exponential. Lines show the fit of the data points to a stretched
exponential function.
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have often been fitted with an exponential, it is obvious
that this law does not describe the measurements in the
whole range of temperature and time properly. The fits
are often restricted to the long-time tail of the relaxation
curves. This limits the analysis to a small fraction of the
magnetization decay [10]. In order to achieve a good fit-
ting of the data in the whole experimental range of time
and temperature, it is then necessary to go beyond this re-
laxation law. As shown in Fig. 1 (continuous lines), the
stretched exponential law M = M exp[—(t/7)?] gives
a better agreement (Miniia1 = Mo and Mequitibrium = 0).
Using this expression, the data can be fitted reasonably in
the main part of our experimenta time range. As a con-
sequence of these fits with two free parameters the mean
relaxation time 7 and B, the uncertainty on the values of
B is significant, particularly when the magnetization de-
cay is small in the experimental time range (below 2.0 K,
B is defined with an accuracy of =0.2). However, it is
found that B is strongly temperature dependent. Below
2.0 K, B isapproximately constant and close to 0.5, given
the large uncertainty on the fitting parameters at these
temperatures. |t increases linearly with temperature up to
24 K toreach B8 = 1.1, and then it dlightly decreases at
higher temperatures (between 2.8 K and the blocking tem-
perature Ty = 3 K, B8 = 1). The mean relaxation time
7 starts to follow the Arrhenius law 7 = 7o exp(E/T)
roughly above 2 K with the attempt time 7, =~ 10~7 sand
the energy barrier E = 61(=x1) K, as previously reported
[3-6]. Below 1.9 K, the large uncertainty on the expo-
nent B induces some scattering on the fitted characteristic
time. However, with afixed value 8 = 0.5, 7 is weakly
dependent on the temperature below 1.9 K and tends to-
wards 7(1.5 K) = 1.5 X 10° s.

Fitting the data to a stretched exponentia law is
not really satisfactory, especially at low temperature.
This law alows fitting amost any curve, while the
theoretical basis for such afit is lacking. However, this
analysis does suggest the existence of two relaxation
regimes (i) below 2 K, the mean relaxation time becomes
as large as 50 years, and it depends weakly on the tem-
perature and (ii) above 2 K, it becomes faster and follows
an Arrhenius law. The time decay of the magnetization
is not exponential (except just below Tg), and it depends
strongly on the temperature. In what follows, we show
that one may analyze these resultsin a quite different way,
alowing for a better understanding of these two relaxation
regimes.

In the low temperature regime, below 2 K, where 8 =
0.5 and /7 < 1, the magnetization relaxation can in fact
be well described by a square-root law, Mo[1 — (¢/7)"/2].
As shown in Fig. 2, where the data are plotted as a
function of ¢'/2, this simple law fits the experiments very
well up to 1.7 K, while the discrepancy progressively
increases at higher temperatures. One should notice that
the extrapolated zero-time magnetization depends on the
temperature. This offset is too big to be related solely
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FIG. 2. Time decay of the remanent magnetization measured
a low temperature, plotted as a function of the square root of
the time. Lines show linear fits.

to the shift on the clock time-zero (of the order of
500 s). This suggests that a small fraction of the total
magnetization relaxes faster at short times, before the
magnetization begins to be recorded [11]. However, this
contribution is unlikely to be relevant to our experimental
time and temperature range [12].

Such a sguare-root relaxation was recently proposed
in a theoretical model for an assembly of nanomolecules
with dipolar and hyperfine interactions [9]. This model
isin principle valid at zero temperature and short times,
when initiadl M is close to the saturation magnetization
M,. It predicts that the square-root decay arises from
the formation of a nonequilibrium depletion in the dipolar
field distribution, at the tunnel energy [13]. In the present
experiments in Mny,-ac, the distribution of dipolar fields
is nearly at equilibrium (at the time scale of experiments),
but it follows the slow shift of its mean value with
time (leading to a change in the density of dipolar
field states, responsible for nonexponential decay). Our
experimental observation of a square-root relaxation at
low but finite temperature, when the system is close
to saturation, supports this picture. In this regime, the
characteristic time 7 is found to be weakly dependent
on temperature (cf. Fig. 3). It varies between 10% and
1.5 X 10° sbetween 1.9 and 1.5 K.

In the high temperature regime (T > 2.0 K), we find
that, quite remarkably, the data fit a single scaling func-
tion, f(¢/7(T)). The master function f(x) is such that
f(0) = M, and f(0) = 0, and 7(T) isthe relaxation time.
All the data points of isotherms measured between 2.0 and
2.8 K are scaled on the curve measured at 2.0 K, using the
transformation t,. = (¢t + t,,)7(2.0)/7(T). This leads to
the scaling plot of M(t) versus .. shown in Fig. 4. The
tranglations t,,(T) are of the order of the field stabilization
delay (500 s). This scaling analysis allows us to extract
the mean relaxation time 7(7). Note that thanks to this
scaling analysis 7(T') is determined without making any
assumption about the relaxation law. In thisrange of tem-
perature, 7(T') follows the Arrhenius law, with the same
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FIG. 3. Semilogarithmic plot of the characteristic time. The
line between points is only a guide for the eye. The straight
line is the Arrhenius fit of the high temperature regime.

parameters as found above (cf. Fig. 3). As shown in
Fig. 4, the master curve is not exponential. Strong de-
viations from this behavior (for 7. < 10°) can be under-
stood as a conseguence of dipolar interactions. During
the measurement, the magnetization and the mean dipo-
lar field evolve (in the Lorentz mean field framework, the
local field is simply proportional to the magnetization per
volume). Astherelaxation rateis strongly field dependent
near a tunnel resonance [6], it must vary during the mea-
surement. Thisexplainsthe 8 # 1 valuesfound abovein
the stretched exponential analysis. In fact, the exponen-
tial time decay is observed only when the magnetization
variations are small in the experimenta time scale (e.g.,
above 2.8 K, where 8 = 1, about 90% of the total magne-
tization has already relaxed before we started recording the
data). Oneimportant consequence of the observed scaling
is that the relaxation does not depend on magnetic history
above 2.0 K, showing that there are no memory effects as-
sociated with multimolecular correlations, in this regime.
However, as shown by the deviations from exponential de-
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FIG. 4. Scaling plot of relaxation data, measured at nine
different temperatures, between 2.0 and 2.8 K. For clarity, only
about 5% of the data points have been plotted. The continuous
line shows the fit of the master curve to an exponential function.
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cay, observed evenin thethermally activated regime, quan-
tum relaxation in Mny,-ac is not a single molecule process.

In conclusion, this study of the quantum relaxation mea-
sured in zero field on asingle crystal of Mny,-ac shows the
existence of two regimes. |nboth regimes, therelaxationis
not exponential, because of the existence of dipolar interac-
tions (except just below T). Above 2.0 K, we find ascal-
ing of the relaxation curves, showing that dipolar interac-
tions act essentially as atime (and temperature) dependent
mean field. The mean relaxation time 7(T') startsto follow
the Arrhenius law at about 2 K. At lower temperatures, a
square-root relaxation law is measured, with a weak tem-
perature dependence of the characteristic time. Such abe-
havior has been recently predicted in amodel by Prokof’ ev
and Stamp [9]. The comparison between experiment and
theory suggests the following scenario. At high tempera-
tures, both phonon induced crystal field [15,16], longitudi-
nal hyperfine and dipolar fluctuations [17] are fast enough
[9] to repopulate continuously the energy levels, keeping
the density of states available for tunneling in equilibrium
value. Thus, multimolecular correlations in dipolar field
distributions, induced by activated tunneling, play a neg-
ligible role and the observed deviations from exponential
relaxation come only from the time evolution of the lo-
cal mean field (Lorentz and demagnetizing field). On the
contrary, at low enough temperatures, when crystal field
and dipolar fluctuations are frozen, the molecular spin sys-
tem is no longer in equilibrium and the relaxation, induced
by nuclear spin fluctuations, takes the square-root form of
Ref. [9].

We are pleased to thank N.V. Prokof’ev, P.C.E.
Stamp, and Igor Tupitsyn for helpful discussions.
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