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Ground-state magnetization of the molecular cluster Mn12O12-acetate as seen by proton NMR
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1H nuclear magnetic resonance~NMR! measurements have been carried out in Mn12O12-acetate clusters at
low temperature in order to investigate microscopically the static and dynamic magnetic properties of the
molecule in its high-spinS510 ground state. Below liquid helium temperature it is found that the local
hyperfine fields at the proton sites are static as expected for the very slow superparamagnetic relaxation of
Mn12O12 at low temperature. The magnitude and distribution of the hyperfine fields can be reproduced to a
good approximation by considering only the dipolar interaction of protons with the local Mn magnetic mo-
ments and by assigning the magnitude and orientation of the local moments of the different Mn31 and Mn41

ions according to an accepted coupling scheme for the totalS510 ground state. The relaxation time of the
macroscopic magnetization of the cluster was measured by monitoring the change of the intensity of the
1H-NMR shifted lines following inversion of the applied magnetic field. This is possible because the sudden
change of the field orientation changes the sign of the shift of the NMR lines in the proton spectrum. Although
important differences are noticed, the relaxation time of the magnetization as measured indirectly by the
1H-NMR method is comparable to the one obtained directly with a superconducting quantum interference
device magnetometer. In particular we could reproduce the minima in the relaxation time as a function of
magnetic field at the fields for level crossing, minima which are considered to be a signature of the quantum
tunneling of the magnetization.
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I. INTRODUCTION

Quantum tunneling of the magnetization~QTM! in meso-
scopic molecular magnets has recently attracted much in
est since several experiments have indicated evidenc
QTM in some magnetic cluster.1 Among the magnetic clus
ters,@Mn12O12(CH3COO)16(H2O)4# ~henceforth abbreviated
as Mn12O12) is one of the most investigated molecular ma
nets and the first where quantum tunneling phenomena h
been reported.2,3 The magnetic core of the cluster is made
of a tetrahedron of Mn41 (S53/2) at the center and eigh
Mn31 (S52) on the outside.4,5 The ground state is deter
mined by the relative strength of at least four antiferrom
netic intramolecular superexchange interactions of the o
of hundreds kelvin. A simple coupling scheme which e
plains successfully the magnetic properties5 describes the
cluster as four dimers Mn31-Mn41 with spin s51/2 ~result-
ing from a very strong antiferromagnetic intradimer e
change interactionJ) and four Mn31 ions, coupled togethe
by an effective ferromagnetic isotropic exchange interacti
This is equivalent to considering the four inner Mn41 mo-
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ments ferromagnetically aligned and the eight outer Mn31

also ferromagnetically aligned with the two subsystems
tiferromagnetically aligned. The result of this couplin
scheme is a high total spin ground state, i.e.,S510. TheS
510 ground state is split into 11 sublevels by a strong ea
axis anisotropy.5 The remaining Kramers degeneracy is r
moved by an external magnetic field yielding energy lev
for the 21 magnetic sublevelsm expressed asEm52Dm2

2Bm41hmcosu. The most recent determination of the p
rameters obtained from neutron scattering6,7 yielded D
50.55 K, B51.231023 K. We will neglect here the very
small nondiagonal transverse term detected in a rec
experiment.7 Assuming a gyromagnetic ratiog52 one has
h5gmBH/kB51.33H ~K! for H in tesla andu is the angle
between the easy axis (c axis! of the cluster and the externa
magnetic field. Below liquid helium temperature the cluste
occupy mostly them5610 states and the reorientation
the magnetization between these two states becomes
tremely long—about 1 day at 2.4 K—due to the anisotro
barrier giving rise to a pronounced superparamagn
behavior.8 When the relaxation rate of the magnetization
14 246 ©2000 The American Physical Society
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measured in response to a varying magnetic fieldHz along
the easy axis peaks are observed which have been interp
as a manifestation of resonant tunneling of t
magnetization.1,9 The qualitative explanation is that the r
laxation rate of the magnetization increases at field val
where the spin states become pairwise degenerate. It is
degeneracy which increases the tunneling probability
thus shortens the relaxation time. The size of the effec
reduced by the smearing out of the energy levels of the s
states due to spin-phonon coupling, intermolecular inter
tions, and/or hyperfine interactions with the nuclei.10

Nuclear magnetic resonance~NMR! is a suitable micro-
scopic probe to investigate the electronic states of the clu
from the microscopic point of view. For example, from a
investigation of the temperature dependence in the ra
2–30 K of the nuclear spin-lattice relaxation rate it was p
sible to determine the lifetime broadening of the molecu
spin states due to spin-phonon interactions.11 The results
turned out to be in good agreement with recent theoret
calculations.10 More recently we have reported a time depe
dence of the NMR proton spin-echo signal measured at
center of the spectrum when the measurements are don
off-equilibrium conditions.12 It was shown that the exponen
tial fit of the time dependence of the echo intensity yields
relaxation rate of the magnetization of the molecule. In
present paper we report a systematic study of the l
temperature proton NMR spectrum both in equilibrium co
ditions and during the thermal equilibration of the magne
zation of the molecules. From the equilibrium spectrum
obtain the hyperfine field at the proton sites in the superp
magnetic frozen state of the Mn12O12 cluster due to the loca
magnetic moment on the different Mn31 – 41 ions. Further-
more, from the evolution in time of the intensity of the pr
ton NMR shifted lines we can determine the relaxation ti
of magnetization of the Mn12O12 cluster in the temperatur
and magnetic field range where quantum tunneling is imp
tant, thus leading to a microscopic determination of the QT
phenomenon.

II. EXPERIMENT

Polycrystalline samples o
@Mn12O12(CH3COO)16(H2O)4# 2CH3COOH•4H2O were
prepared as described in Ref. 5. A part of the powde
material was mixed with Stycast 1266 and allowed to se
a magnetic field of 9 T at 300 K forseveral hours in order to
obtain a sample with rigid orientation of the crystallites w
their easy axis (c axis! along the field direction. This sampl
was used in experiments where a sudden rotation of
sample by 180° with respect to the applied field is necess
to bring the system off equilibrium. The obvious disadva
tage of using a sample embedded in Stycast is the pres
of a huge proton NMR signal from the glue. Therefore whe
ever possible we used a loosely packed powder sam
where the crystallites are oriented only for the time dur
which the sample sits in the applied magnetic field. In b
cases the NMR spectrum in equilibrium conditions is t
same. The1H-NMR measurements were carried out utilizin
a phase-coherent spin-echo pulse spectrometer. The sp
were obtained by sweeping in steps the external magn
field at constant frequency. The intensity of the NMR sp
ted
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echo signal at each field step was collected and avera
using a boxcar integrator. The resulting average speed fo
field sweep was 15 G/sec. The echo was obtained with
pulsesp/2, p in phase~Hahn echo! with a typical pulse
length for thep/2 pulse of;2 msec. The range of tempera
ture explored is 1.4–4.2K and the external magnetic fi
was varied up to 5 T. The dc magnetization measureme
were performed in the sample oriented in Stycast by me
of a superconducting quantum interference device~SQUID!
magnetometer~Quantum Design MPMS!.

III. RESULTS AND DISCUSSIONS

A. 1H-NMR spectra in the thermal equilibrium state

Figure 1 shows several1H-NMR spectra at different tem
peratures measured at 160.5 MHz for a loosely packed p
der sample. In this case, most of small particles are alig
with thec axis along the magnetic field because of the stro
magnetic field. As can be seen in the figure two strong pe
and three weak peaks are observed at low temperature.
two main peaks denoted P1, close to the Larmor frequen
and P2 with positive shift agree with the spectrum previou
reported.11 The shift for peak P2 increases with decreasingT
and it levels off to a value of about 0.07 T, which becom
temperature and field independent below about 5 K in agree-
ment with a previous report.11 The peaks P3, P4, and P5
Fig. 1 also reach a constant shift with decreasingT below 4.2
K as can be seen in Fig. 1.

The inset in Fig. 1 shows the resonance frequency dep
dence at 2.4 K ofDH5H02Hi whereHi is the magnetic
field at the each peak (Pi) and H0 is the Larmor field. The
fact that the absolute shift for each peak is the same for
value of the applied magnetic field indicates clearly that
shift arises from a spontaneous hyperfine field at the pro
sites due to the frozen orientation of the magnetization of
Mn12O12 molecules. This is expected since, in agreem
with the superparamagnetic behavior of the magnetiza
for Mn12O12 clusters,8 the frequency of the reorientation o
the magnetic moment of the totalS510 spin at low tempera-

FIG. 1. 1H-NMR spectra in Mn12O12 measured at 160.5 MHz
for three different temperatures. The inset shows the shift of
resonance field as a function of resonance frequency,DH
5H02Hi , at about 2.4 K. The average rate of sweep of the field
15 Oe/sec.
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ture is much smaller than the NMR frequency~of the order
of 106 Hz). This is also a direct confirmation that the loc
orientation of the Mn moments, which is responsible for t
hyperfine field at the proton site, follows the orientation
the total S510 spin quantum state. The hyperfine field
each proton site can be estimated to be 0.7, 1.7, 1.9, and
kOe for the P2, P3, P4, and P5 peaks, respectively. In g
eral, there are two possibilities for the origin of hyperfi
field at proton sites, that is, dipole fields and contact hyp
fine fields from the Mn31-Mn41 magnetic ions. The dipola
field at the proton site can be calculated by summing up
contributions at each proton site from the different Mn ion
We used the crystal coordinates reported by Lis.4 The only
adjustable parameters are thus the values assigned to th
cal magnetic moments of the Mn ions. Following the pr
posed coupling scheme5 we assigned four Bohr magnetons
the eight Mn31 (S52) outer ions and three Bohr magneto
to the four inner Mn41 ions. We further assumed in the ca
culation that the magnetic moment on Mn31 ions is along the
magnetic field while that on Mn41 is antiparallel toH. The
intermolecular dipole field is neglected and the dipole field
proton sites of solvent molecules located between the c
ters is assumed to be zero for simplicity. The calcula
spectrum using the above assignments is shown in Fig. 2
simulating the NMR spectrum we have introduced a bro
ening of each component described by a Gaussian ha
full width at half maximum~FWHM! of ;300 Oe. This
broadening includes both nuclear dipole-dipole interacti
and the effect of misalignment of the particles in the pow
sample. The relatively good agreement between the obse
and calculated spectra suggests that the main part of the
perfine field at the proton site is due to the dipole field fro
the spin moments on local Mn ions. The most shifted pe
P5 is attributed to one of the protons of the water molecu
directly bonded to a manganese ion~H2 in the original la-
beling by Lis4!. The other water proton H1 corresponds
P4, while P3 is attributed to the H4 proton of the solvati

FIG. 2. Comparison of the experimental1H-NMR spectrum
measured at 160.5 MHz andT54.2 K with the spectrum calcu
lated on the basis of a dipolar hyperfine field at the proton sites~see
text! in Mn12O12. The calculated spectrum was obtained by weig
ing the peaks by the relative abundance of the different proton s
indicating that the agreement is satisfactory both regarding the p
positions and their relative intensity.
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water molecule. The other proton H3 of the solvation wa
is expected to be less shifted and to merge in the P2 p
together with the signals originating from the protons of t
eight acetate groups, whose CO2 plane is essentially paralle
to the tetragonal axis. Finally the almost unshifted P1 pe
should include the protons of the eight acetate groups, wh
CO2 plane is almost perpendicular to the tetragonal axis,
those of the solvation acetic acid molecules. It is noted t
the present analysis is based on room-temperature x-ray c
tal data4 and thus small differences can be expected at 2.
due to thermal expansion. The remaining discrepancy
tween the dipolar calculated spectrum and the experime
one can be ascribed to a small contribution from the tra
ferred hyperfine field due to a small overlap of the wa
function of the Mn ion at the proton site. We have check
the sensitivity of the dipole field distribution to the assig
ment of the local magnetization to the Mn ions. If one a
signs one Bohr magneton shared between the
Mn31-Mn41 ions of each of the four dimers and four Boh
magnetons to the remaining four Mn41 ions, the result is still
in reasonable agreement with the experimental spectrum
the other hand, if one assigns a uniform average momen
20/12 Bohr magnetons to the 12 Mn ions, the shifted lin
P5, P4, and P3 cannot be reproduced at all. Thus one
conclude that the NMR proton spectrum is a confirmation
the coupling scheme previously suggested5 and mentioned in
the Introduction.

It should be noted that the spectra reported here might
correspond exactly to a thermal equilibrium state beca
they are obtained by sweeping the magnetic field at a rate~15
Oe/sec! which, at such low temperature, could be faster th
the equilibration time of the magnetization. However, a
field of about 4 T for which the spectra in Fig. 1 and Fig.
were taken, the ground state ism5210 separated from the
first excited statem529 by ;20 K, a value much larger
than the temperature of the measurement. Therefore, for
experimental condition, most of the clusters are in them5
210 sublevel, and the changes of the thermal population
the excited states when the magnetic field is swept is ne
gible.

B. 1H-NMR spectra in off-equilibrium condition
and relaxation of the magnetization

The magnetization of the clusters is initially prepared
equilibrium conditions with the magnetic field along the ea
c crystal axis. By inverting the magnetic field one crea
off-equilibrium conditions whereby the magnetization
each molecule wants to realign along the external fieldm
5210 to m5110 transition!. At low temperature and in
magnetic fields less than 1 T this process is prevented by th
crystal field anisotropy and proceeds very slowly via sp
tunneling and phonon-assisted relaxation.10 Since the direc-
tion of the local hyperfine field at the proton sites with r
spect to the external field depends upon the relative orie
tion of the magnetization of the molecule with respect to
external field, one can study the microscopic relaxation
the cluster magnetization by looking at the proton NM
spectrum. In order to detect this effect, we measured
1H-NMR spectrum using the oriented sample in Stycast
avoid reorientation of the particles due to the magnetic fi
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PRB 62 14 249GROUND-STATE MAGNETIZATION OF THE MOLECULAR . . .
after field inversion. Instead of invertingH, we quickly in-
vert the direction of the oriented sample. Figure 3 shows
experimental results. The spectrum at the bottom of Fig
corresponds to the thermal equilibrium state before inv
sion, where the easy axis of the clusters is along the magn
field. The observed spectrum is the same as the one obse
in loosely packed powder~Fig. 1! except that now we have
very strong1H-NMR signal from the Stycast centered at t
Larmor field. This1H signal as well as the19F signal coming
from the Teflon tape should be disregarded in the discuss
which follows.

Just after inversion of the direction of the sample, t
observed spectrum changes drastically as shown in the
ond spectrum from the bottom of Fig. 3. In the figure, t
time evolution is from the bottom up. Since the spectra w
obtained by sweeping the magnetic field, a process, wh
takes about 30 min for each spectrum, does not correspon
a precise off-equilibrium state. However, since the ove
process of relaxation of the magnetization at this tempera
takes 200–300 min, the different spectra give a qualita
idea of the evolution of the NMR spectrum in time. Th
signals of the shifted peaks with positive hyperfine fie
disappear, while new signals can be observed at magn
fields higher than the Lamor fieldH0, where no signal could
be detected before the inversion. After a long time~for ex-
ample, 400 min for this case!, the spectrum becomes inde
pendent of time and it recovers the initial shape before
field inversion. The drastic change of the spectrum after
inversion can be explained simply as the inversion of
orientation of the hyperfine fields at each proton sites
Mn12O12 clusters i.e., fromH local5Hhf1H0 to H local5
2Hhf1H0, giving rise to a spectrum inverted with respect
the Lamor field (H0). It should be noted that the proto
spin-lattice relaxation time in the equilibrium state is shor
by about six orders of magnitude11 than the time scale for the
changes in the spectrum and thus plays no role here.

In order to investigate the effect quantitatively one can
at a fixed field on one of the shifted lines~see Fig. 1! and

FIG. 3. Time evolution of 1H-NMR spectrum measured a
30.801 MHz andT52.4 K. The spectrum at the bottom corr
sponds to the thermal equilibrium state. The second lowest s
trum corresponds to the off-equilibrium situation following the fie
inversion. The remaining spectra from bottom up are taken at
ferent times after the field inversion.
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follow its amplitude as a function of time without the nee
for recording the full spectrum. The signal intensity for ea
shifted peak, P2 – P5, in the spectrum at thermal equilibri
corresponds to the total number of clusters occupying
magneticm5210 ground state. Immediately after the 18
rotation of the sample the statem5210 becomesm5110.
Then the growth of the signal intensity for each peak af
the inversion is proportional to the increase of the numbe
clusters which return to them5210 new ground state
Therefore, we can measure the relaxation time of the m
netization by monitoring the echo intensity as a function
time. We find that the results are independent, within o
experimental uncertainty, of the radio frequency pulse wi
used to generate the echo signal. Figure 4 shows a typ
time dependence of the echo intensityh(t) measured at
0.4212 T~at the position of the P2 peak! and atT52.4 K.
The experimental results can be fitted tentatively by the
pression

h~ t !5a$12exp@2t/t~H !#%1b, ~1!

wheret(H) is a relaxation time anda1b is the echo inten-
sity for the thermal equilibrium state,hT.E.. As can be seen
in Fig. 4, the growth of the signal intensity is well fitted by
single exponential function@Eq. ~1!# except for an initial fast
growth, which accounts for about 30% of the signal. Fro
the slope of the 12h(t)/hT.E. on a semilogarithmic plot, we
can estimatet(H). The time dependence of the echo inte
sity at a field corresponding to the position of the peak
~see Fig. 1! was also measured, yielding similar resul
However, for this peak it is found that there is a slight b
measurable shift as a function of time. The shift could be d
to the effect of the relaxation of neighboring clusters a
thus of interest by itself. A combined study of the intens
and of the shift is currently underway.

In order to verify if t(H) corresponds to the relaxatio
time of the macroscopic magnetization, as one would exp
we measuredt directly using the SQUID magnetometer. Th
time dependence of the magnetization,M (t), is shown in
Fig. 5. The M (t) increases up to the thermal equilibriu
value MT.E.. For this measurement the sample oriented
Stycast was cooled down to 2.4 K under zero magnetic fi

c-

f-

FIG. 4. Time dependence of the echo intensity taken atH
50.4212 T~21.85 MHz! and T52.4 K following the sudden in-
version of the orientation of thez axis of the sample with respect t
the applied magnetic field: (d) h(t)/hT.E. , (s) 12h(t)/hT.E. .
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14 250 PRB 62YUJI FURUKAWA et al.
~zero magnetization! and was kept for several hours at th
temperature, and thenM (t) was monitored after the mag
netic field was raised up to the desired value. Contrary to
case of the NMR signal intensity, the relaxation behavior
the magnetization,@12M (t)/MT.E.# in Fig. 5, is described
better by a stretched exponential. A similar behavior w
reported by Friedmanet al.2 A stretched exponential relax
ation of the magnetization was previously observed in
Fe8 molecular cluster in the low-temperature quantum t
neling regime.13 The result was explained13 in terms of a
redistribution of the local fields during the relaxation proce
which affects locally the tunneling rate and thus makes
relaxation transition probability time dependent.14 The aver-
age relaxation timet(H) from SQUID measurements wa
estimated from a fit of the recovery curves~see Fig. 5! to a
stretched exponential exp$2@t/t(H)#b% and the results are
shown in Fig. 6. In the same figure is shown a comparison
the field dependence of the relaxation time measured w
both methods, NMR and SQUID. Although the two sets
data refer to two different ways of extracting the relaxati
time from the recovery curves, one can conclude that
results from both methods are in good agreement. In part
lar, in both cases one sees minima oft(H) at the level cross-
ing fields, i.e., H50 ~only for the magnetization!, H
50.45 T, andH50.9 T. Except for the minima, indicate
by the arrows in Fig. 6, theH dependence oft(H) follows a
thermal activated lawt(H)5t0 exp@(67213.3H)/kBT# with
t0 ;10-6 ~sec! which is consistent with background therm
excitations over the barrier due to the anisotropy as modi
by the applied magnetic field. The field values correspond
to the minima in the relaxation time agree with critical fiel
where the magnetic level crossing occurs.3 It is noteworthy
that theb exponent is also field dependent with minima
the level crossing fields. Since the minima observed in thH
dependence of botht(H) and b are indicative of quantum
tunneling effects, there is the interesting possibility of inve
tigating the relaxation of the magnetization of the clus
from the microscopic point of view with the NMR method.
is pointed out that the difference in the shape of the recov
curves obtained from the NMR signal intensity~Fig. 4! and
the one from the magnetization~Fig. 5! is significant. The
recovery of the NMR signal intensity in Fig. 4 is exponent
if one excludes the first 30% of the recovery which cou

FIG. 5. Time dependence of the magnetization,M (t), measured
by SQUID at T52.4 K and H59000 Oe. (d) M (t)/MT.E. ,
(s) 12M (t)/MT.E. .
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simply be due to the presence in the sample of fast relax
species of Mn12.15 On the other hand, the recovery of th
magnetization in Fig. 5 is stretched exponentially over
whole time interval. One simple explanation could be fou
in the slight misalignment of the oriented powder samp
Since the relaxation time of the magnetization is expected
be a sensitive function of the orientation of the magne
field with respect to the anisotropy axis, a distribution
relaxation times would result in a stretched exponential
covery curve. In the NMR case the distribution of relaxati
times would be less severe since the NMR echo signal
given resonance frequency selects already only the cry
lites properly oriented. More experiments are underway
clarify this point.

IV. SUMMARY AND CONCLUSIONS

We have carried out1H-NMR at low temperature in orde
to investigate the magnetic state of Mn12O12 clusters in its
ground state. The equilibrium proton NMR spectrum d
plays several shifted lines besides the weakly shifted m
resonance line. The spectrum could be explained almost
tirely by considering the dipolar local fields created at t
proton sites by Mn magnetic ions in the frozen superpa
magnetic state. It was shown that the shifted proton lin
reverse sign of the shift when the easyc axis of the sample is
rotated by 180° with respect to the external magnetic fie

FIG. 6. Field dependence of the relaxation time for magneti
tion measured atT52.4 K by (d) 1H-NMR, (s) SQUID.
The solid line corresponds to the equationt(H)54
3105 exp@(213.3H)/2.4# (sec) with H in tesla. The inset shows
the stretched exponentb used to fit the SQUID recovery curves fo
the different fields.
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PRB 62 14 251GROUND-STATE MAGNETIZATION OF THE MOLECULAR . . .
By monitoring the subsequent growth of the shifted lines~or
decrease of the mirror image ones with respect to the Lar
field! one can follow the relaxation of the magnetization
the molecules from a microscopic point of view. The rela
ation time measured by monitoring the time evolution of t
echo intensity as a function of magnetic field shows the
pected minima at the critical magnetic fields for level cro
ings which originate from quantum tunneling of the magn
tization. It is noted that a similar NMR method to study t
relaxation of the Mn12O12 magnetization was recentl
reported.12 However, in Ref. 12 the echo intensity was me
sured at the weakly shifted main proton line~see P1 in Fig.
1! whose position is not significantly affected by the sudd
change of orientation or intensity of the magnetic field, th
requiring a more elaborate explanation of the experime
observations. With the present paper a complete experim
tal characterization of the time dependence of the NMR
rameters in off-equilibrium conditions is made available. W
y
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have observed significant differences in the shape of the
covery of the magnetization monitored by NMR and SQU
which requires more measurements and a detailed theore
analysis to be elucidated. These circumstance, together
the possibility of following separately different parts of th
NMR spectrum during the recovery, may open up the po
bility of studying the evolution in time for each magnet
sublevel.
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