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Magnetic structure and spin dynamics of the ground state of the molecular cluster Mn12O12 acetate
studied by 55Mn NMR
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55Mn nuclear magnetic resonance~NMR! measurements have been carried out in an oriented powder sample
of Mn12 acetate at low temperature~1.4–3 K! in order to investigate locally the static and dynamic magnetic
properties of the molecule in its high-spinS510 ground state. We report the observation of three55Mn NMR
lines under zero external magnetic field. From the resonance frequency and the width of the lines we derive the
internal hyperfine field and the quadrupole coupling constant at each of the three nonequivalent Mn ion sites.
From the field dependence of the spectrum we obtain a direct confirmation of the standard picture, in which
spin moments of Mn41 ions (S53/2) of the inner tetrahedron are polarized antiparallel to that of Mn31 ions
(S52) of the outer ring with no measurable canting from the easy axis up to an applied field of 6 T. It is found
that the splitting of the55Mn-NMR lines when a magnetic field is applied at low temperature allows one to
monitor the off-equilibrium population of the molecules in the different low lying magnetic states. The mea-
sured nuclear spin-lattice relaxation timeT1 strongly depends on temperature and magnetic field. The behavior
could be fitted well by considering the local-field fluctuations at the nuclear55Mn site due to the thermal
reorientation of the totalS510 spin of the molecule. From the fit of the data one can derive the product of the
spin-phonon coupling constant times the mean-square value of the fluctuating hyperfine field. The two con-
stants could be estimated separately by making some assumptions. The comparison of the mean-square fluc-
tuation from relaxation with the static hyperfine field from the spectrum suggests that nonuniform terms (q
Þ0) are important in describing the spin dynamics of the local Mn moments in the ground state.

DOI: 10.1103/PhysRevB.64.104401 PACS number~s!: 76.60.2k, 75.45.1j, 75.50.Xx
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I. INTRODUCTION

Recently much attention has been paid to molecular
nomagnets because of the observation at low temperatu
slow superparamagnetic relaxation of the magnetiza
combined with quantum phenomena such as coherent
phonon-assisted tunneling of the magnetization and bec
of the consequent technological interest.1 Among the mag-
netic clusters,@Mn12O12(CH3COO)16(H2O)4# ~henceforth
abbreviated as Mn12! is one of the most investigated mo
lecular magnet and the first where quantum tunneling p
nomena have been reported.2,3 The Mn12 cluster was firs
prepared and characterized using x-ray measurement
Lis.4 Figure 1 shows the crystal structure of Mn12, whe
three symmetry-inequivalent Mn sites are present: Mn~1!
form a tetrahedron at the center of the cluster while Mn~2!
and Mn~3! occupy sites on the outside. It is widely believe
that the inner four Mn~1! ions are in Mn41 ionic state with
S53/2 while the Mn~2! and Mn~3! are in Mn31 (S52)
state. Magnetization measurements indicate that the m
netic ground state of the cluster is a total high-spinS510
state where the four inner Mn41 spins (S53/2) are directed
antiparallel to the eight Mn31 spins (S52).5 Recent polar-
ized neutron diffraction measurements6 have confirmed this
0163-1829/2001/64~10!/104401~7!/$20.00 64 1044
a-
of
n
nd
se

e-

by

g-

model for the low-temperature ground state magnetic str
ture, although the values of the local magnetic mome
along the easy axis are estimated to be22.3460.13, 3.69
60.14, and 3.7960.12mB ~Bohr magnetons!, for Mn~1!,
Mn~2!, and Mn~3!, respectively, which is less than predicte
by the standard local spin assignment given above. This
duction has been justified by first principle calculations.7 The
total moment of the molecule is 20.5660.9 mB , which is

FIG. 1. Structure of Mn12 cluster and orientation of the M
moments in the ground state according to the standard picture
©2001 The American Physical Society01-1
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close to the value for aS510 total high spin. Thus theS
510 description of the ground state is a good starting po
even if refinements due to many-body effects may
necessary.8

TheS510 ground state is split into eleven sublevels by
strong easy-axis anisotropy, neglecting transverse hexad
polar effects.5 The remaining Kramers degeneracy is r
moved by an external magnetic field yielding energy lev
for the 21 magnetic sublevelsm that can be expressed as

Em52Dm22Bm41hmcosu. ~1!

The most recent determination of the parameters obta
from neutron scattering9,10 yielded: D50.55 K andB51.2
31023 K. We will neglect here the very small nondiagon
transverse term detected in the recent experiment.10 Assum-
ing a gyromagnetic ratiog52 one has h5gmBH/kB
51.33H (K) for H in tesla andu is the angle between th
easy axis (c axis! of the cluster and the external magne
field. Below liquid helium temperature the clusters occu
mostly them5610 states and the reorientation of the ma
netization between these two states becomes extrem
long—about a couple of months at 2 K—due to the anis
ropy barrier giving rise to a pronounced superparamagn
behavior.11

Nuclear magnetic resonance~NMR! is a microscopic
probe suitable to investigate the internal magnetic struc
of the cluster. The NMR spectrum gives us information
the hyperfine interactions of the nuclei with the local ma
netic moments while the nuclear spin lattice relaxation r
(T1

21) is related to the power spectrum of the fluctuations
the local moments. Previous NMR studies of the Mn12 cl
ter were done by using as probes proton12 or deuteron13 nu-
clei. In view of the averaging effect over the many proto
present in each cluster and the weakness of the hype
coupling to the Mn moments the information obtained a
indirect and difficult to be interpreted. The use of the ma
ganese nucleus as a probe of the local magnetic prope
should yield much more direct information.

In this paper, we report a comprehensive study of
55Mn NMR and relaxation in Mn12 cluster at low temper
ture ~1.4–3 K! that complements the measurements
55Mn NMR first reported by Goto and coworkers.14 In Sec.
III A, we present the results of the NMR spectrum and t
field dependence of the resonance frequency for the t
different lines observed from which we derive informatio
about the hyperfine interactions and the orientation of
magnetic moments associated to the different nonequiva
Mn ions in the cluster. In Sec. III B we report the temperatu
and magnetic-field dependence of the nuclear relaxation
that we compare with the predictions of a simple model
scribing the fluctuation spectrum of the local Mn moments
terms of the lifetime of the magnetization in the ground st
due to spin-phonon coupling and possible tunneling effe

II. EXPERIMENT

Polycrystalline samples of

@Mn12O12~CH3COO!16~H2O!4# 2CH3COOH4H2O
10440
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were prepared as described in Ref. 5. The powdered mat
was mixed with Stycast 1266 and allowed to set in a m
netic field of 9 T at 300 K for several hours in order to obta
a sample with rigid orientation of the crystallites with the
easy axis (c axis! along the same direction~magnetic field
direction!. The extent of alignment of the powder can b
estimated to be better than 90% from the NMR spectra
cussed below and from magnetization measurements.
55Mn-NMR measurements were carried out utilizing
phase-coherent spin-echo pulse spectrometer. The sp
were obtained by plotting the spin-echo intensity at differe
resonance frequencies. The echo was obtained with
pulses:p/2, p in phase~Hahn echo! with a typical pulse
length for thep/2 pulse of;2 msec. The range of tempera
ture explored, 1.4–3 K, was obtained by adiabatic evapo
tion of liquid 4He with the sample immersed in the liquid
The measurements done in an external magnetic field w
performed in field-cooled conditions so that the system w
in thermal equilibrium conditions during the measuremen
except for the spectrum measurements under magnetic fi
in off-equilibrium state.

III. RESULTS AND DISCUSSIONS

A. 55Mn-NMR spectra

Figure 2 shows55Mn-NMR spectra under zero magnet
field at T51.5 K, where the observed spectra consists
three distinct peaks, one sharp peak centered at 231 M
~P1! and two relatively broad peaks centered at 277 M
~P2! and 365 MHz~P3!. The observation of55Mn-NMR sig-
nal in zero external magnetic field clearly indicates that
direction of Mn spin moment is frozen in the time scale
the NMR experiment (1028 sec), in agreement with the su
perparamagnetic behavior of the magnetization~total spin!
for Mn12 clusters at low temperature.11

The position and the width of the three peaks in the NM
spectrum in zero external magnetic field can be explained

FIG. 2. 55Mn-NMR spectra in Mn12 cluster measured atH
50 and T51.4 K. Solid lines and curves in the figure are th
results of simulations as described in the text. The inset shows
field dependence of the resonance frequency for each peak
sured atT51.4 K in thermal equilibrium state.
1-2
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the combination of a large internal hyperfine field and
small quadrupole interaction. The internal field determin
the resonance frequency of the lines. The quadrupole e
generates a field-independent first-order splitting of each
that, when combined with magnetic inhomogeneous bro
ening, yields the observed line width. The nuclear s
Hamiltonian can be expressed as15

H5HM1HQ52gNhH int•I1
1

6
hnQ@3I z

22I ~ I 11!

1~1/2!h~ I 1
2 1I 2

2 !#, ~2!

wherenQ5(3/2)e2qQ/I (2I 21). The electric field gradien
~EFG! tensor is defined in its principal axis system,X, Y, Z,
with the maximum componentVZZ and the asymmetry pa
rameterh5(VXX2VYY)/VZZ . The local EFG symmetry a
the 55Mn site is due to the oxygen coordination around t
Mn ion. For the Mn41 site one has a slightly trigonally dis
torted octahedral coordination while for the Mn31 site the
oxygen are in an elongated octahedral coordination du
Jahn-Teller distortion.5 In both cases the asymmetry param
eter is close to zero@h50 in Eq. ~2!#. In first order pertur-
bation theory~valid for HM@HQ) one has for the Zeema
nuclear energy levels (I 55/2),15

Em /h52
gN

2p
Hintm2

1

12
nQ~3 cos2u21!F3m22

35

4 G .
~3!

Thus the 55Mn spectrum is composed of a central line
nR5(gN/2p)H int and two pairs of satellite lines atnR

1

5(gN/2p)H int6(nQ/2)(3 cos2u21) and nR
25(gN/2p)H int

6nQ(3 cos2u21), respectively, whereu is the angle between
the internal magnetic field and the local symmetry axis of
EFG tensor. In order to confirm the presence of first-or
quadrupole splitting of the line we measured the spin-e
decay timeT2 at different points of the line P2~see Fig. 2!.
The value found at the center of the line (T25630 msec at
T51.4 K) is shorter than at the tail (T25750 msec) as
expected for irradiation of the central line and of the satel
line, respectively, of a quadrupole split spectrum.

From the frequency of the center of each of the th
peaks in Fig. 2 one derives:H int;u220u kOe for P1,H int
;u264u kOe for P2, andH int;u347u kOe for P3. From the
width of each peak we get for the line P
(Mn41) nQ(3 cos2u121);2 MHz, while for the lines P2
and P3 we getnQ(3 cos2u2,321);10 MHz. The vertical
lines for each peak in the figure indicate the peak position
quadrupole split lines for Mn-NMR signal using the abo
parameters in Eq.~3! and the solid curves are the results
fits with an approximate broadening of 5 MHz or less f
each line. The broadening of each line appears to be o
homogeneous kind from the formation of Hahn echoes an
much bigger than expected from nuclear-nuclear dipolar
teraction. It should probably be ascribed to a combination
the intramolecular dipolar fields generated by the Mn m
ments other than the one containing the given nucleus
intermolecular dipolar fields due to the total spin magneti
tion of the surrounding molecules. The assignment of
10440
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anglesu for the different Mn sites is not totally unambigu
ous. For the four Mn41, one can assumeu50 (ZiH int) that
leads tonQ;1 MHz. For the eight Mn31 ions one can as-
sume as the direction of the local symmetry axis the axis
elongation of the oxygen octahedron surrounding the
ion. In this case the angle between the EFG local princi
axis Z and the internal field~same as the easy axis! can be
estimated to beu2511° for Mn~2! and u3536° for Mn~3!
~see Fig. 1!. This leads tonQ;5.3 MHz and 10.4 MHz re-
spectively for the two different Mn31 sites without knowing
which one is which.

The narrow line P1 with the small quadrupole coupli
constant is consistent with the symmetric octahedral coo
nation of Mn41. The difference by a factor of two of the
quadrupole coupling constant for the two different Mn31

sites Mn~2! and Mn~3! ~lines P2 and P3! is consistent with
the different distortion of the octahedron namelyc/a ;1.11
andc/a;1.16, respectively.4 It must also be recalled that in
the coordination polyhedron of one group of manganese~III !
there are two oxides and four oxygens of acetate ligan
while in the other group of manganese~III ! one of the ac-
etates is replaced by a water molecule. The above assign
is confirmed by the magnetic field dependence of the sp
trum as will be described later. The observed spectrum i
good agreement with the one reported by Gotoet al.,14 in
which a same signal assignment has been done.

The resonance frequency of the three signals in the s
trum ~Fig. 2! was followed as a function of the extern
magnetic field applied along the c easy axis. The results
shown in the inset of Fig. 2. With increasing external ma
netic field Hext, the peak coming from Mn41 ions shifts to
higher frequency while the other two peaks of Mn31 ions
move to lower frequency. Since the resonance frequenc
proportional to the vector sum of internal field and extern
field, vR5gN(H int1Hext), this result indicates that the direc
tion of the internal field at the nucleus in Mn31 is opposite to
that in Mn41 ions.

The internal fields at the Mn nucleus are proportional
the on-site electron-spin momentum, i.e.,H int5Ahf^S&,
whereAhf is a hyperfine coupling constant and^S& is the Mn
local-ordered spin. The hyperfine constant at the Mn nuc
site can in principle result from the sum of different cont
butions both on site~core polarization, contact term, nuclea
electron dipolar interaction, orbital contribution! and coming
from neighboring magnetic ions~dipolar interaction, trans-
ferred hyperfine interactions!.16,17 In practice, since the mag
netic d electrons are localized on the Mn ions the domina
contribution is the core polarization term.18 The dipolar con-
tribution, which is proportional tôr 23& and depends on the
relative orientation of the nuclear polarization and the el
tronic one, can have some importance for Mn~III !. Since the
two different groups of manganese~III ! ions have different
angles between elongation axis and easy axis it is poss
that at least part of the difference in resonance freque
may be a consequence of this factor. Measurements of
perfine fields using electron-nuclear double resonance t
nique have yielded values ranging fromAhf528.15 T/mB
for Mn21 ions in CaO~Ref. 19! to Ahf529.9 T/mB for
Mn41 in Al2O3 ~Ref. 20! where the minus sign is characte
1-3
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Y. FURUKAWA et al. PHYSICAL REVIEW B 64 104401
istic of core polarization fields. If we assume that the inter
field at the 55Mn sites in Mn12 is due to core polarizatio
only we derive from the positions of the NMR peaks in F
2: Ahf528.46 T/mB for P1 ~Mn41 ions! Ahf5
27.32 T/mB for P2, andAhf529.65 T/mB for P3 ~Mn31

ions! respectively, with the assumption of a spin moment
2.6mB for Mn41 and 3.6mB for Mn31. Since these values ar
close to the core polarization fields in Mn ions report
above we can conclude that the dominant hyperfine field
the 55Mn nuclear site in Mn12 is indeed due to core pola
ization. Thus,H int is negative and the direction of the inte
nal fields at nuclear sites is opposite to that of the Mn s
moment. From the behavior of the resonance frequency
function of external field in Fig. 2~inset!, one concludes tha
the spin direction of the Mn41 ions is antiparallel to the
external magnetic field~i.e., easy axis!, while that of Mn31

ions is parallel to the external field. This is a direct con
mation of the spin structure for inner magnetic structure
the cluster shown in Fig. 1.

The slope of the field dependences of the resonance
quency is;u10.5u MHz/T for each peak, which is exactl
the same as the gyromagnetic ratiogN/2p of 55Mn nucleus.
This result suggests that each Mn spin moment aligns a
theHext direction without any appreciable deviation and th
the spin moments on Mn41 ions do not develop any measu
able canting components up to 6 T.

When the oriented sample is cooled down to 1.4 K in
external magnetic field applied along the easy axis, mos
the clusters occupy them5210 sublevel. For this field-
cooled condition the NMR spectrum is the one shown in F
2. If we apply the magnetic field to the oriented sample a
cooling to 1.4 K whose condition is corresponding to
off-equilibrium state, the observed spectrum is quite diff
ent. In zero-field cooling each peak splits into two peaks w
increasing magnetic field as shown in Fig. 3. One of the s
peaks moves the same way as shown in the inset of Fig
while the other shifts in the opposite direction but with t
same field-dependent slope as shown in an inset of Fi
including the data shown in the inset of Fig. 2. This can

FIG. 3. 55Mn-NMR spectra atH51.2 T after zero-field cooling
to 1.4 K ~off-equilibrium state!. The inset shows the field depen
dence of the resonance frequency for each split peak.
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explained by considering the two clusters occupying them
5610 states with opposite magnetization. At this low te
perature the relaxation time of the magnetization is
tremely long so that clusters occupying them510 excited
state cannot relax tom5210 that has lower energy in th
external magnetic field. Thus the two split peaks corresp
to 55Mn belonging to the two clusters in different magne
sublevels. The observation of the split peaks is a direct c
firmation of the Kramers degeneracy ofS510 sublevels due
to the crystal anisotropy. This circumstance allows one
investigate the local magnetic properties of the different s
levels and the long relaxation time of the magnetization
the molecule in a way similar to what was done by usi
proton NMR.21

Interestingly, NMR signal intensity for excitedm510
sublevels is larger than that ofm5210 sublevels. Since the
signal intensity is proportional to the number of Mn nuc
occupying the sublevels, this result suggests that energy l
of m510 sublevel is a little bit lower than that ofm5210
sublevel. Assuming the signal intensity ratio
I m510/I m5210;1.3, the difference in energy of the levels
estimated to be;0.4 K, which corresponds to an extern
magnetic field of;150 Oe antiparallel to the easy axis. Th
small magnetic field could be due to dipolar field from t
neighboring clusters. This small hyperfine field is very r
evant for the problem of quantum tunneling of the magne
zation because it lifts the degeneracy of them5110 and
m5210 levels in zero external field.

B. 55Mn spin-lattice relaxation time

Nuclear spin lattice relaxation time (T1) was measured
for each Mn site by monitoring the recovery of the nucle
magnetization after a saturating sequence ofr f pulses. In the
case of55Mn (I 55/2), the nuclear magnetization recove
law for saturation of the central line only is given by22

@M ~`!2M ~ t !#

M ~`!
5

1

35
expS 2

t

T1
D1

8

45
expS 2

6t

T1
D

1
50

63
expS 2

15t

T1
D , ~4!

whereM (t) is the magnetization at a time t after the satu
tion sequence. On the other hand, in the limit of saturation
both central line and satellite lines the recovery should
exponential, i.e., exp(2t/T1).

22 The experimental conditions
in our case are somewhat intermediate because the line i
broad to obtain complete saturation but at the same time
central line and satellite lines overlap so that one can
achieve selective saturation of the central line~see Fig. 2!.
Thus the recovery law departs from Eq.~4! particularly at
long times. However, by limiting the fit to the initial part o
the recovery that is dominated by the third term in Eq.~4!
one can extract the relaxation timeT1. The results as a func
tion of temperature are shown in Fig. 4 and the ones a
function of field at 1.4 K are shown in Fig. 5.

Before analyzing the data we note that the tempera
dependence ofT1 is the same for the three NMR lines P
P2, P3 within experimental error. This is apparent from
1-4
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inset in Fig. 4 where the data for the three peaks have b
normalized to the same value at 1.4 K. We are led to c
clude that the spin dynamics of the local Mn moments
completely correlated as expected if it is driven by the flu
tuations of the total spin momentS510 of the ground state
of the molecular cluster.

In order to fit the data we will adopt a simple phenom
enological model that proved to be successful in explain
the mSR results in Mn12.23 In this model it is assumed tha
the fluctuations of the total spinS5 10 due to changes from

FIG. 4. Temperature dependence ofT1
21 for each Mn site. Solid

curves are fitting curves according to Eq.~8! with the choice of
parameters discussed in the text. The inset shows the temper
dependence ofT1

21 for the three peaks renormalized at the sa
value atT51.4 K.

FIG. 5. Field dependence ofT1
21 for each Mn site measured a

T51.4 K. The solid lines are theoretical curves predicted by us
the same parameters as in the temperature dependence fits in
~see text!.
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the magnetic ground statem5210 to excited states give
rise to changes in the transverse local field,h6(t), at the
nuclear sites via the hyperfine interaction between the nu
and the local electronic spins. Accordingly, the resultant
pression for nuclear spin-lattice relaxation time is giv
by15,23

1

T1
5

1

2
gN

2 E ^h6~ t !h6~0!&exp~ ivNt !dt

5
A

Z (
m5110

210 tmexpS 2
Em

kBTD
11vN

2tm
2

, ~5!

whereZ is a partition function,tm is the average lifetime of
the mth sublevels ofS510, andvN is resonance frequency
The lifetimetm for each individualmth state is determined
by the probability of a transition fromm to m61 and tom
62.

1

tm
5Wm→m111Wm→m211Wm→m121Wm→m22 . ~6!

By assuming that the transition probabilities are due to sp
phonon interaction one can express them in terms of
energy level differences as24,25

Wm→m615W615Cs61

~Em612Em!3

exp@~Em612Em!/kBT#21
,

Wm→m625W6251.06Cs62

~Em622Em!3

exp@~Em622Em!kBT#21
,

~7!

where

s615~s7m!~s6m11!~2m11!2,

s625~s7m!~s6m11!~s7m21!~s6m12!.
~78!

The parameterC in Eq. ~7! is given by D82/(12prv5\4)
with r the mass density andv the sound velocity. The spin
phonon coupling constantD8 was shown to coincide with
the axial magnetic anisotropyD @see Eq.~1!# for the case of
Mn12.24

In the narrow temperature range~1.4–3 K! where the
NMR signal can be detected, only the ground state (m5
610) has significant occupation. Thus the expression for
relaxation rate obtained from Eqs.~5!, ~6!, and ~7! and by
using the energy levels in Eq.~1! can be greatly simplified.
The formula valid within a few percent up to 3;4 K is

1

T1
5AC2.23107exp~214.58/T!vN

22 ~rad/sec!. ~8!

As seen from Eq.~8! the two fitting parameters cannot b
determined independently on this narrow temperature ran
The theoretical curves in Fig. 3 were obtained from Eq.~8!
by choosing the following values: AC56.4

ure
e

g
g. 4
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Y. FURUKAWA et al. PHYSICAL REVIEW B 64 104401
31015 @(rad Hz)3/K3# for P1, 5.631016 for P2, and 1.2
31017 for P3. The value ofC5D82/(12prv5\4) can be
estimated by takingD85D50.55 K, r51.83 g/cm3,4 and
v523105 cm/sec that yieldsC.0.6 Hz/K3. The above
value for the sound velocity was estimated from the value
Debye temperatureQD538 K ~Ref. 26! using a relation of
kBQD5\vkD with kD

3 56p2/V0 where V0 is the unit cell
volume of 3716 Å3. Then the hyperfine coupling constant
the 55Mn nuclei are

A51.131016 ~rad Hz!2 for P1 ~Mn41!,

A59.331016 ~rad Hz!2 for P2 ~Mn31!,

A52.031017 ~rad Hz!2 for P3 ~Mn31!. ~9!

In the simple case where uniform fluctuations withq
;0 (q: wave vector! dominate the nuclear relaxation, on
would expect that the coupling constantsA for each peak
should be proportional to square of the internal static field
derived from the spectrum in Fig. 2, i.e.,P1:P2:P3
51:1.4:2.5. The ratios obtained from the values in Eq.~9!
are insteadP1:P2:P351:8.5:18.1. This discrepancy sug
gests that nonuniformqÞ0 components may be important
describing the fluctuations of the local-Mn moments that
termine the fluctuation of the total magnetization in
ground state.

In order to investigate the possible role of quantum tu
neling on the fluctuations of the magnetization we measu
the field dependence ofT1 in thermal equilibrium state. Fig
ure 5 showsH dependence ofT1 for each Mn site measure
at T51.4 K. With the increasing of the external magne
field Hext that is applied along the easy axis of the clust
T1

21 for all Mn sites decreases. The solid lines in Fig. 5 a
the curves obtained from Eqs.~5!, ~6!, and ~7!, and the en-
ergy levels in Eq.~1! with the same values of the paramete
used to fit the temperature dependence in Fig. 4. The fi
dependence appears to be well described by the ther
fluctuation model and without any anomaly due to the eff
of quantum tunneling of the magnetization around the le
crossing fields 0.45, 0.9, and 1.35 T. Further measuremen
different temperatures and in off-equilibrium state are nee
to investigate quantum tunneling. It is noted that the ove
decrease ofT1

21 on increasing magnetic field is not trivia
due to the change ofvN5gNH in Eq. ~5! ~the effect is neg-
y
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ligible!, but rather to the field dependence of the ene
spacing@Eq. ~1!# that affects the spin-phonon transition pro
ability @Eq. ~7!#.

IV. SUMMARY AND CONCLUSIONS

We have carried out55Mn NMR at low temperature in
order to investigate the internal structure of the magne
ground state of Mn12 cluster. From the analysis of the NM
spectrum and its field dependence we could confirm the s
dard picture for the internal magnetic structure of the core
which the local-spin moments of Mn41 ions (S53/2) of the
inner tetrahedron are polarized antiparallel to that of Mn31

ions (S52) for the outer ring with both set of momen
aligned along the easy axis without appreciable canting u
6 T. The internal field at the55Mn nuclear site is determined
and shown to be dominated by a negative core polariza
hyperfine interaction due to the 3d electrons localized on the
Mn ions. The quadrupole coupling constant at the differ
Mn sites is determined and it is found to be a parameter v
sensitive to the degree of distortion of the octahedral c
figuration of the oxygens coordinated around the Mn cen
ion. The nuclear spin-lattice relaxation timeT1 is found to
depend strongly on temperature~1.4–3 K! and magnetic
field ~0–1.5 T!. The behavior can be fitted well by using
simple model based on the assumption that the local fi
fluctuation at the nuclear site is due to the fluctuation of
orientation of the totals510 spin of the molecule. The fluc
tuation appears to be explained almost entirely in terms
spin-phonon coupling. It is found that when the sample
prepared in off-equilibrium conditions, with half of the clus
ters with the magnetization parallel to the external field a
half antiparallel to it, each NMR line split into two compo
nents that can be investigated separately. This effect app
to be most promising for further studies, particularly in co
nection with the problem of quantum tunneling of the ma
netization.
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