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55Mn NMR in Mn 12 acetate: Hyperfine interaction and magnetic relaxation of the cluster
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The 55Mn NMR in oriented powder crystal of Mn12Ac has been investigated at 1.4–2.0 K in zero field and
with external fields along thec axis. Three kinds of55Mn NMR composed of fivefold quadrupole-split lines for
I 55/2 nuclei have been interpreted to arise from a Mn41 ion and two crystallographically inequivalent Mn31

ions. The isotropic hyperfine field in the Mn41 ion indicates a large amount of reduction~26%! as compared
with the theoretical evaluation. In the analysis of the hyperfine field in Mn31 ions, the anisotropic dipolar
contribution has been taken into account in addition to the Fermi-contact term. Adopting the reduction factor
8% of the dipolar term, which is estimated from the magnetic moment determined by a polarized-neutron-
diffraction experiment, we obtained a reduction of 15% for the Fermi-contact term. We suppose that such an
appreciable amount of the reduction factor is due to the covalence and strong exchange interaction among
manganese ions via the oxygen ions. By using the hyperfine coupling constants of 12 manganese ions in the
Mn12 cluster, the total hyperfine interaction of the ferrimagnetic ground state ofS510 has been determined to
amount to 0.3 cm21 in magnitude at most, the magnitude of which corresponds to the nuclear hyperfine field
0.32 kG seen by the cluster spin. The relaxation of the cluster magnetization after reversal of the external field
was investigated by observing the recovery of the55Mn spin-echo intensity in the fields of 0.20–1.90 T along
the c axis at 2.0 K. The magnetization of the cluster exhibited the square-roott recovery in the short-time
regime. With increasing external field, the relaxation time decreased following significant dips at every 0.45 T,
which is due to the effects of phonon-assisted quantum tunneling between the spin states at magnetic level
crossings.

DOI: 10.1103/PhysRevB.65.224425 PACS number~s!: 75.50.Xx, 76.60.2k, 75.45.1j, 76.60.Lz
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I. INTRODUCTION

Recently, there has been great interest in compound
nanoscale magnets with a high value of spin involving
large number of magnetic ions.1–6 This is based on the view
of studying the quantum physics of the mesoscopic syst
which lies in the intermediate scale between the class
macroscopic and quantum microscopic scales. Among v
ous molecular clusters, Mn12O12(CH3COO)16(H2O)4 ~ab-
breviated as Mn12Ac! ~Ref. 7! has been most extensive
studied theoretically8–16 and also experimentally so far usin
magnetization,17–26 ac susceptibility,27,28 heat capacity,29,30

neutron scattering,31–34 electron spin resonance~ESR!,35,36

and proton NMR and muon spin resonance~mSR!.37,38 The
most prominent feature is the characteristic magnetiza
relaxation and the stepwise hysteresis curve associated
the phonon-assisted resonant quantum tunneling.19,20,39,40

In Mn12Ac, each of the magnetic clusters, which cons
tute a tetragonal symmetry (S4), is constructed from four
Mn41 (S53/2) ions@the site denoted as Mn~1!# in a central
tetrahedron and surrounding eight Mn31 (S52) ions with
two crystallographically inequivalent sites@Mn~2! and
0163-1829/2002/65~22!/224425~13!/$20.00 65 2244
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Mn~3!# which are located alternately in the outer ring.7 Fig-
ures 1~a! and 1~b! show, respectively, the molecular structu
viewed from the crystallographicalc axis and the two in-
equivalent Mn31 sites surrounded octahedrally by neighbo
ing oxygens together with their local tetragonal axesd.

The magnetic ground state of Mn12Ac clusters is deter-
mined by combined effect of four paths of intramolecu
exchange interactions, whose values are estimated as fol
in Ref. 18: the dominant interaction between Mn~1! and
Mn~2! is antiferromagnetic~2150 cm21! and the interactions
between the neighboring two Mn~1! ions and between Mn~1!
and Mn~3! are both also antiferromagnetic~260 cm21!. The
interaction between Mn~2! and Mn~3! is ferromagnetic or
antiferromagnetic~less than 40 cm21!. Because of the single
ion anisotropy originating in Mn31 ions due to the Jahn
Teller effect, the cluster totally possesses Ising-like ani
tropy along the crystallographicc axis. The following model
is established experimentally: four Mn41 spins in the inner
tetrahedron are parallel to each other (S53/23456) and
eight Mn31 spins in the outer ring are also parallel (S52
38516). Then the total spins of the two groups coup
antiparallelly to formS510 for the cluster.17 Most of the
©2002 The American Physical Society25-1
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magnetic properties have been well understood in term
the doubly degenerated discrete energy levels of the clu
with a high spin ofS510, which are specified by the wav
function uS,m& in terms of the HamiltonianH052DSz

2,
where the constantD is the effective Ising-like anisotropy o
the order of 0.52–0.60 K~Refs. 33 and 35! along thec axis.
In addition to this term, it has been recognized that there
the quartic anisotropy energies denoted byH8, the off-
diagonal term of which plays an important role for the tu
neling, though the magnitude is much smaller as compa
with H0 . Then, in the presence of an external fieldH applied
along thec axis, the spin Hamiltonian describing the clust
molecule is given as

FIG. 1. ~a! Schematic molecular structure of Mn12Ac clusters
viewed from thec axis, where Mn~1! sites are occupied by Mn41

ions and both Mn~2! and Mn~3! sites by Mn31 ions using Lis’
notation~Ref. 7!. For clarity in simplifying other ions, manganes
ions are represented by large spheres and oxygen ions by s
ones. Arrows on manganese sites indicate the directions of
spins that are parallel or antiparallel to thec axis. ~b! Two kinds of
octahedral environments for crystallographically inequivalent Mn31

ions, where the symmetry around Mn~2! (u511.7°) is approxi-
mately tetragonal, while the one around Mn~3! (u536.2°) is rhom-
bic in addition. The longest axes are denoted byd for both cases.
Dotted squares correspond to the planes where the principal pa
the wave functionuX22Y2& expand.
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of
ter

re

-
d

r

H5H02gzmBSzH1H8

52DSz
22gzmBSzH2ESz

41B~S1
4 1S2

4 !, ~1!

where gz51.93,35 E5(1.1– 1.3)31023 K,32,33,35 and B
56(2.1– 7.2)31025 K.32,35

On the other hand, there has been proposed another
model,18 which describes the Mn12 molecular spin (S510)
as being composed of four dimers withs51/2 @an antiferro-
magnetically coupled pair of Mn~1!-Mn~2!# and fourS52
@Mn31 of Mn~3!#. This model has been used for the theor
ical interpretation41,42 of magnetic properties due to a simp
description of the exchange interactions.

Considering that the spin structure of the high spin
basically constituted of four Mn41 ions and of eight Mn31

ions, it seems also important to investigate, from the mic
scopic point of view, the ground state of each manganese
in order to understand the nature of the ground state of
cluster. The most prominent experimental procedure for
purpose is to examine55Mn NMR in Mn12Ac. The NMR
information on the behavior of manganese ions will be a
important to interpret the magnetic relaxation with quantu
tunneling at low temperature. From such a viewpoint,
have been studying the55Mn NMR in Mn12Ac. We have
already succeeded in observing three kinds of55Mn NMR
for powder crystals of Mn12Ac below 2.4 K in zero externa
field. In the preliminary paper,43 we have assigned the lowe
55Mn NMR spectra as due to Mn41 ions, while the higher
two ones to crystallographically inequivalent Mn31 ions, and
reported the result for the nuclear relaxation timeT2 . Sub-
sequently, we investigated the relaxation of magnetization
Mn12 cluster by monitoring the spin-echo intensity of Mn41

ions in the external field applied along thec axis.44

In the present work we have performed55Mn NMR mea-
surements in more detail on an oriented-powder sample
Mn12Ac in zero field and with the applied field along thec
axis. By considering anisotropic terms of the hyperfine fie
due to the dipolar interaction in addition to the Ferm
contract term we have analyzed the hyperfine fields both
Mn41 ions and of two inequivalent Mn31 ions. We have
explained the results in an accurate assignment of three k
of 55Mn NMR spectra to the relevant manganese ions loca
at Mn~1!, Mn~2!, or Mn~3! sites, respectively. In order to
investigate the behavior of magnetization recovery and qu
tum tunneling in Mn12Ac we have also measured the rela
ation time of the cluster magnetization as a function of
external field, using the spin-echo signal of Mn41 NMR in a
field of 0.20–1.90 T along thec axis at 2.0 K.

II. EXPERIMENTAL RESULTS

A. 55Mn NMR

The experiment has been performed by the conventio
spin-echo method using a pulsed NMR apparatus. T
oriented-powder sample of Mn12Ac contained in a capsule~6
mm diameter and 20 mm in length! is inserted in a resonan
cavity of cylindrical shape.

Figure 2 shows the experimental results of55Mn NMR
spectra obtained at 1.4 K in the frequency range between
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and 450 MHz in zero external field. Each of the three kin
of 55Mn NMR is composed of fivefold quadrupole-split line
for the I 55/2 nucleus. The width of the spectra around 2
MHz is nearly 4 times narrower than those of the others.
we explain in detail in the next section, we assign these th
kinds of NMR spectra to manganese nuclei associated
the Mn41 ion and two inequavalent Mn31 ions by taking
into account individual resonance profiles such as the cen
frequency, quadrupole splitting, and field dependence an
considering the anisotropy of the hyperfine field. In this s
tion, we mention briefly the results for the assignment of
three NMR spectra.

The spectra around 230 MHz in Fig. 2 correspond
55Mn NMR in Mn41 ions at the Mn~1! site. The central
frequency is 230.260.1 MHz with a quadrupole splitting
DnQ50.7260.05 MHz, which can be noticed in the inse
This quite small quadrupole splitting is attributed to the d

FIG. 2. Three kinds of55Mn NMR spectra observed in Mn12Ac
in zero external field at 1.4 K. The inset shows the enlarged spe
for the Mn41 ions. In every spectra the arrow indicates the cen
frequencyn21/2↔1/2 of fivefold quadrupole-split lines for55Mn(I
55/2) nuclei.
22442
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formation of the crystal field from cubic symmetry for a
orbital singlet ion. The resonance frequency correspond
the hyperfine fielduHNu5218.460.1 kG. On the other hand
in the case of an orbital doublet ion, the NMR spectra sh
in general relatively large quadrupole splitting coming fro
the aspherical distribution of the outer electrons. So the
broad spectra are referred to the orbital doublet ion: i
the Mn31 ion. As described later in Sec. III, the magnitude
the hyperfine field for the Mn31 ion increases, owing to the
anisotropic dipolar contribution, in accordance with an
crease in the angleu between the electron-spin axis and t
local tetragonal axis. On the other hand, the quadrupole s
ting decreases as the angleu increases. Since the angleu is
larger in the Mn~3! site than the one for the Mn~2! site, the
hyperfine field and hence55Mn NMR frequency are larger
for the Mn31 ion at the Mn~3! site while the quadrupole
splitting is smaller. Then we may assign the broad spe
centered at 279.460.1 MHz (uHNu5264.860.1 kG) with
DnQ54.360.1 MHz to the Mn31 ion at the Mn~2! site and
the spectra 364.460.1 MHz (uHNu5345.460.1 kG) with
DnQ52.960.1 MHz to the Mn31 ion at the Mn~3! site,
respectively.

Figure 3 shows the external magnetic field dependenc

tra
l

FIG. 3. Frequency-field diagram of three kinds of55Mn NMR
central frequencies in oriented powder Mn12Ac under external fields
applied along thec axis. When cooled down with ZFC two compo
nents~dotted and solid lines! are always observed for the externa
field dependence of every central frequency, while with FC a sin
component~solid lines! is observed only. The inset shows zero-fie
spectra~dashed line! and the splitting into two componentsn↑ and
n↓ observed for Mn41 ions at 1 T. As the time elapses since the fie
1 T is applied, the spectra ofn↑ increase a little in intensity, while
those of n↓ decrease, which corresponds to fact that the clus
magnetizations relax to the direction of applied field with upsett
their own magnetic moments.
5-3
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each central line of the above-ascertained55Mn NMR, which
has been measured at 1.4 K in the fieldH applied along the
c axis. We obtainedg values which coincide with that of th
free 55Mn nucleus (55g/2p51.055 MHz/kG) within the ex-
perimental error. When the specimen is cooled down with
an external field@zero-field cooled~ZFC!#, we observe two
components for every central frequency, i.e., increasing
decreasing branches versusH. The typical NMR spectra of
55Mn NMR in Mn41 ions are shown in the inset to Fig. 3
where the narrow line~dashed line! in the zero field splits
into two componentsn↑ andn↓ at H51.0 T after ZFC. How-
ever, when the specimen is cooled down below the block
temperatureTB53 K with H parallel to thec axis @field
cooled~FC!# we observe only one branch expressed by
solid line.

We interpret the present55Mn NMR frequency-field dia-
gram by considering the magnetic structure of the clus
Due to the uniaxial anisotropy along thec axis, the magnetic
moment ofS510 stays along thec axis even if there is no
external field. Because of weak dipolar interaction~;0.05
K! among neighboring clusters, each molecular cluster, h
ever, remains superparamagnetic. Therefore, when i
cooled down with ZFC the molecular magnets have two p
sibilities in direction, parallel or antiparallel to thec axis in
each crystal. That is the reason why we observed
branches shown by the solid and dotted lines in Fig. 3 in
field dependence of55Mn NMR in the case of ZFC. On the
other hand, when the whole molecular crystals are coo
down in FC, they have a magnetic moment orienting to
unique direction alongH, shown in Fig. 4~a!. Considering
that the 55Mn NMR frequency is proportional to the tota
field acting on the55Mn nucleus, the three solid lines in Fig
3 mean that effective fields acting on55Mn nuclei in two
different Mn31 ions decrease with the external field, whi
those acting on55Mn nuclei in Mn41 ions increase. Consid
ering both hyperfine fields to be oppositely directed to th
local moments for Mn31 and Mn41 ions, the fact that we
observed only the solid lines as shown in Fig. 3 in the cas
FC is consistent with the fact that the magnetic moments
the Mn31 ions are parallel to the total moment of the clus
while those of the Mn41 ions are antiparallel,18 as shown in
Figs. 4~a! and 4~c!. The situation is explained in detail i
Sec. III.

B. Magnetic relaxation of the Mn12Ac cluster

The magnetic relaxation of the cluster was measured a
cooling the oriented-powder sample down to 2.0 K from 4
K under an applied field of 1.2 T along thec axis. After this
FC process, we can observe55Mn NMR in Mn41 ions atn
5230.41(gMn~1!/2p)H5243.0 MHz in a field of H
51.2 T, while we cannot observe any signal atn5230.4
2(gMn~1!/2p)H5217.8 MHz. The situation is upset in th
case of reversing the field, i.e., we observe55Mn NMR in
Mn41 ions only atn5217.8 MHz, while we cannot observ
any signal atn5243.0 MHz. The reversal of the extern
field can be reached within a few seconds. Accordingly,
reversing the external field after FC, we can measure
relaxation of the cluster magnetization in the field by prob
22442
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the growth of the spin-echo amplitude of55Mn NMR in
Mn41 ions atn5243.0 MHz.44

Figure 5 shows the recovery of the spin-echo intensity
n↑ branch of55Mn NMR in the Mn41 ion after reversal of
the external field, where the time-dependent growth of
intensity of then↑ line corresponds to the magnetic rela
ation of the cluster moment along the applied field. A typic
example of the relaxation curve is depicted in Fig. 5,
which the growth of the spin-echo intensity is shown for tw
values ofH51.2 and 1.4 T at 2.0 K. From the recovery
the signal intensity we can recognize the time dependenc
square-roott until about 20 min for 1.2 T and 13 min for 1.

FIG. 4. ~a! Stable situation of Mn12Ac molecular magnetization
M and net spinS in the external field applied along thec axis. ~b!
Schematic illustration of the octahedral coordination of sixfold ox
gens around the Mn31 ion at the Mn~2! or Mn~3! site in Mn12Ac,
showing the relationship between the two reference framesXYZand
xyz. The axesXYZare along the principal axes of the crystal field
ligands, while thez axis is chosen along the magnetizationm of the
Mn31 ion @at the Mn~2! or Mn~3! site#. ~c! When the molecular
magnetizationM is directed as shown in Fig. 4~a!, the mutual rela-
tionship of the directions of the magnetic momentm, electron spin
S, and hyperfine fieldHN is schematically shown for Mn31 ions @at
Mn~2! or Mn~3! sites# and for Mn41 ions@at Mn~1! sites#. Concern-
ing the Mn41 ion, HN is parallel to the external field along thec
axis, while that for the Mn31 ion is declined bya-u from thec axis.
5-4



of

re
20

ow
er
hil

et

d
ng

ole

by

on
t
e
s
-
tal
, it

ed
/or
g

e

-

e

om
c

ly
l to
er

ear

te
o

th
io
ye

55Mn NMR IN Mn12 ACETATE: HYPERFINE . . . PHYSICAL REVIEW B 65 224425
T. From the slope of the square-roott recovery curve we can
get the characteristic timet measured in the early stage
relaxation~short times! as a function ofH. In order to see the
effect of the quantum tunneling, we performed measu
ments by changing fields in steps of 0.025 T between 0.
and 1.900 T. The inset demonstrates thatt not only shows a
gradual decrease with increasing the fields, but also sh
significant dips of more than one order of magnitude at ev
0.45 T-step. Such a feature is obvious above 2.0 K, w
below about 1.8 K it is not so clear.

III. HYPERFINE FIELD AND 55Mn NMR

A. Hyperfine field

The hyperfine interaction is composed of both a magn
hyperfine interactionHn with its own electrons and an
electrostatic quadrupole interactionHQ with surrounding
ligands: namely,Hhyp5Hn1HQ .45,46 The effective mag-

FIG. 5. Semilogarithmic plot of55Mn spin-echo amplitude of
Mn41 ions concerning then↑ branch in Fig. 3 vs the square roott
that is obtained after reversing the external field for the orien
crystal prepared in FC along thec axis. It is seen that the spin-ech
amplitudeh follows the functionh5h0@12exp$2(t/t)1/2%# in short
times, which corresponds to the magnetization relaxation of
Mn12 cluster in the external field. The inset shows the relaxat
time t vs the external field. The solid lines are a guide for the e
in both figures.
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netic hyperfine Hamiltonian is obtained by averagingHn
with respect to the electronic ground-state wave functioncg
and can be expressed in terms of the hyperfine fieldHN
acting on the nucleus with a nuclear magnetic momentg\I
as follows:45,47

^cguHnucg&52g\I•HN52g\I•~HF1Hd1H l !, ~2!

in which HF , Hd , and H l are Fermi-contact, dipolar, an
orbital hyperfine fields resulting from the correspondi
components of the magnetic hyperfine interaction.

On the other hand, the effective nuclear-quadrup
Hamiltonian is obtained by the expectation value ofHQ with
respect tocg , as follows:46

^cguHQucg&5
e2Qqzz

4I ~ I 21!
$3I Z

22I ~ I 11!1h~ I X
22I Y

2 !%,

~3!

where eQ is a quadrupole moment,eqZZ is the maximum
principal value of the electric field gradient tensorVZZ along
the Z axis,46 and h is an asymmetry parameter defined
(VXX2VYY)/VZZ .

The Fermi-contact field, which is due to core polarizati
of inners electrons caused by 3d-electron spins, is dominan
in magnitude ('102 kG) and opposite in direction to th
atomic magnetic moment.46 The dipolar hyperfine field doe
not exist in a singlet ion.45,46 Concerning the orbital hyper
fine field, though it is normally zero for the case of an orbi
singlet state or of a doublet state due to orbital quenching
survives slightly when the ground orbital state is admix
with excited states through the spin-orbit interaction and
low-symmetry crystal field. Since the extent of the mixin
corresponds to theg shift, the orbital hyperfine field can b
described as45

Hl522mB^r 23&Dg52125̂ r 23&a.u.Dg kG. ~4!

The ground state of the Mn41 ion (3d3, 4F) is orbital
singlet in a cubic crystal fieldVc .46 Then the dipolar hyper-
fine field of the Mn41 ion vanishes. It also follows that quad
rupole splitting vanishes.46

In general, theg factor for Mn41 has been observed to b
'1.99 anduDgu appears normally less than 0.01,45 so the
orbital hyperfine field is evaluated to be less than 10 kG fr
Eq. ~4!, using the valuê r 23&a.u.55.36 expressed in atomi
units for free Mn41 ions.45 Then the orbital hyperfine field
can be reasonably neglected compared withHF . Therefore
the hyperfine field of the Mn41 ion is mainly composed of
the Fermi-contact term, which is isotropic and opposite
directed to the magnetic moment of the ion and paralle
the electron spinS. Since the hyperfine interaction is rath
effectively denoted asAI•S for the orbital singlet ion,45

which corresponds to the Zeeman interaction of nucl
magnetic momentg\I subject to the Fermi-contact fieldHF ,
the hyperfine field is simply expressed to be

HN5HF52~A/g\!S, ~5!
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whereA is an isotropic hyperfine coupling constant. So t
55Mn NMR frequency of the Mn41 ions given by n
5gHN/2ph is proportional touSu and its55Mn NMR spectra
are expected to be a single line with narrow width. The
lation betweenHN andS together with magnetic momentm
is shown in Fig. 4~c!.

As for the hyperfine field for the Mn31 ion (3d4, 5D)
with a hole plus a half-filled shell, the situation is somewh
complicated owing to the orbital degeneracy inVc .45 The
degeneracy of an orbital doubletEg is removed to two orbital
states denoted asA1g and B1g by the deformation of the
crystal field to the tetragonal one caused mainly by the Ja
Teller effect. The ground stateB1g is specified by the wave
function uX22Y2& when the tetragonal distortion is of a pro
late type. In case an orthorhombic distortion is superpo
the doublefoldEg states are not only split, but also admixe
so that the orbital ground state is of the form45

cg5cosfuX22Y2&1sinfu3Z22r 2&, ~6!

where cosf and sinf are normalization factors.
As given in Appendix A, the dipolar hyperfine field fo

the Mn31 ion is calculated by using the ground-state wa
function ~6!, and the result isHd5Dêm , whereêm is a unit
vector of magnetizationm of the Mn31 ion and D is the
dipolar hyperfine field coupling tensor. Therefore when
singlet ground state of the Mn31 ion is specified by the wave
function ~6! the total hyperfine field is expressed
follows:47

HN5HF1Hd52uHFuêm1Dêm . ~7!

It is noted that the orbital hyperfine field for the Mn31 ion
can be neglected here compared with the main terms, s
H1 is evaluated, usinĝ r 23&a.u.54.79 a.u. ~Ref. 46! and
Dg'0.01 ~Ref. 48! or 0.05~Ref. 35!, to be26 or 230 kG,
respectively. Then the total hyperfine fieldHN is approxi-
mately in opposite direction tom and is directed against th
local tetragonal axisd with the following anglea ~Ref. 49!:

tana5
HF2 1

2 Hd8

HF1Hd8
tanu. ~8!

The relation betweena andu together withm, S, andHN is
shown in Fig. 4~c!.

B. 55Mn NMR frequency

In the analysis of the55Mn NMR frequency, it is conve-
nient to use another reference framexyzwhere thez axis is
parallel to the direction of the magnetic moment of the ion
the Mn12 cluster, i.e., thec axis, andx axis is in the plane
containing thez andZ axes as shown in Fig. 4~b!, whereu is
an angle between the magnetic moment and theZ axis. We
assumeh50; then, the hyperfine Hamiltonian is tran
formed as follows:
22442
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^cguHhypucg&52g\I•~HF1Hd!

1$e2qZZQ/4I ~2I 21!%@3I z
22I ~ I 11!#

52g\@HF•I z2~1/2!~3 cos2 u21!Hd8•I z

2~3/4!sin 2uHd8•I x#1e2qZZQ/$4I ~2I 21!%

3@~1/2!~3 cos2 u21!$3I z
22I ~ I 11!%

1~3/2!sin 2u~ I zI x1I xI z!

1~3/2!sin2 u~ I x
22I y

2!#, ~9!

where the off-diagonal terms of Zeeman and quadrup
terms are perturbations to their respective main terms.47

Taking into account the main term in Eq.~9!, the NMR
frequencynm corresponding to the transitionm21↔m is
given by

nm5uEm212Emu/hH

5nF2~1/2!~3 cos2 u21!$nd2~m21/2!nQ%

1higher-order terms, ~10!

wherenF andnd are obtained from the isotropic part of th
hyperfine fieldHF and the anisotropic oneHd8 , respectively,
by the relationn5guHu/2ph between frequency and field
and nQ is the quadrupole frequency 3e2qzzQ/$2I (2I
21)h%. The higher-order terms, which are related to the o
diagonal term in Eq.~9!, are less than a few percent com
pared with the main terms and can be neglected.

In the case of the Mn41 ion the dipolar hyperfine field is
zero; then,nm is simply to be

nm5nF1~1/2!~3 cos2 u21!~m21/2!nQ . ~11!

When the external fieldH(H!HN) is applied along the
c axis, then the NMR frequency can be approximated
vary asnm1gH cosb/2ph, whereb is the angle betweenH
andHN .

Using Eq.~10!, we can obtain the following expression o
the resonance fieldH res for the central NMR frequency
n21/2↔1/25g H res/2ph:

H res5HF1~1/2!~3 cos2 u21!Hd85HN~u!; ~12!

therefore, we can analyze the resonance fieldH res by means
of separating the dipolar contribution in accordance withu
from the resonance frequency obtained.

IV. INTERPRETATION OF 55Mn NMR AND DISCUSSION

A. Mn 4¿ ion

The hyperfine field of the Mn41 ion deduced from the
resonance frequency in Fig. 2 is 218.460.1 kG, which is
appreciably smaller as compared with both the theoretic
calculated and the experimentally observed values as we
below in other oxides. Theoretically the Fermi-contact h
perfine field per unpairedd electron, which is defined byx,
was calculated by Freeman and Watson by summing up
tally the polarized contribution of inner 1s, 2s, and 3s elec-
trons for various valence states of free manganese ion46

The value of x for Mn41 is 22.34 a.u. Hence we find
5-6
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HF(calc)53xMn4152293 kG using the conversion facto
1 a.u.54.17310 kG for x in atomic units.45 The observed
hyperfine field for Mn41 ions in Mn12Ac is smaller by 26%
than the calculated value. Moreover, there is similar evide
for the reduction of the hyperfine fields in Mn41 ions in
an isomorphous Mn12 cluster, the preliminary measuremen
on the 55Mn NMR in the Mn41 ion in
@Mn12O12(O2CPh)16(H2O)4#•2PhCO2H ~Ref. 50! yield al-
most same resonance frequencies as the present case. O
contrary, in lithium manganese ferrite Li0.5Mn0.5Fe2O4, the
hyperfine fields for55Mn nuclei in Mn41 ions are observed
to be 2293.860.1 kG.51 The hyperfine field concerning
Mn41 ions in the paramagnetic state is reported to giveHN
52301.86 kG~for Mn41 ions diluted in MgO! ~Ref. 45!
and2290.90 kG~for Mn41 ions diluted in Al2O3! ~Ref. 45!.
These experimental values for the hyperfine fields in Mn41

ions are nearly the same as the above theoretical one. S
can imply that55Mn NMR associated with the Mn41 ion in
the Mn12 cluster is usually observed around 230 MHz (HN
52218 kG), which corresponds to about 74% of the cal
lated value. The following fact should be noted: rece
polarized-neutron-diffraction measurements on Mn12Ac also
indicate that the local magnetic moments for Mn~1! sites are
reduced to 7864% of the full value of 3.0mB for Mn41 ions
and those for Mn~2! @Mn~3!# sites to be 9264% @94
63%# of the full value of 4.0mB for Mn31 ions.34 The the-
oretical calculation of the electronic structure for the Mn12Ac
cluster based on the density functional formalism has p
sented a considerable amount of reduction for the local m
netic moments of manganese ions: 2.6mB ~86% of the full
value 3.0mB! for Mn41 ions and 3.6mB ~90% of the full
value 4.0mB! for Mn31 ions, respectively.14 The reduction
factor of 26% for Mn41 ions observed in the present NM
measurement is consistent with that of the polarized-neut
diffraction result. We believe a large amount of reduction
the Mn41 hyperfine field obtained for Mn12Ac by the present
NMR measurement is related to the covalence and str
exchange coupling between Mn~1! and Mn~2! via oxygen
ions as mentioned in Ref. 14.

Next, we interpret the55Mn NMR spectra of the inset o
Fig. 3. As was previously noted, the spectran↑ arise from the
55Mn nuclei in Mn41 ions belonging to clusters whose m
ments are parallel to the external field while those ofn↓ arise
from ones belonging to clusters whose moments are anti
allel to the external field. We find that the intensity of th
spectran↑ is always larger than that ofn↓ . This is due to the
fact that the spin-echo decay timeT2 is longer for then↑ line
than that forn↓ . As time passes, the spin-echo intensity
the n↑ line has a trend to increase, while that ofn↓ line to
decrease. This fact reflects the relaxation of cluster magn
zation in the presence of an external field after ZFC;
increase of the intensity of then↑ line accompanying the
decrease of that of then↓ line corresponds to the gradu
change of the magnetization direction of the cluster fr
down to up with respect to the field direction during the tim
elapsed. The fact that the slope of then-H relation coincides
with the value of 55g/2p means that the hyperfine field o
the Mn41 ion is just parallel to the external field and its ow
local moment.
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We mention here the small quadrupole splittingDnQ
50.7260.05 MHz. From the local symmetry of the Mn~1!
site in Mn12Ac molecules,7 each Mn41 ion is subject to an
octahedral crystal field with an axial-symmetry axis which
parallel to thec axis. The electric-field gradientVZZ at 55Mn
nuclei in Mn41 ions originates solely from octahedrally su
rounding O22 ions with symmetry lower than the cubic one7

There may be a second-order contribution to the quadrup
coupling that is due to the distortion of the spherical elect
shells of Mn41 ions induced by the external charges, and
induced gradient is given to be2g`VZZ in which g` is an
antishielding factor. Then the total electric-field gradient is
be qc5(12g`)VZZ .46 From the value of DnQ
53e2qcQ/$2I (2I 21)h%50.7260.05 MHz, we find
e2qcQ/h54.8060.33 MHz.

B. Mn3¿ ion

Since an orbital doublet ion such as the Mn31 ion is sta-
bilized in energy by lowering the symmetry of ligands
remove the degeneracy in the cubic symmetry, the grou
state wave function becomes asymmetric, which gives ris
a considerable amount of the dipolar hyperfine field on
nuclear site. In fact, as for the Mn31 ions both at Mn~2! and
at Mn~3! sites, the octahedral ligands composed of oxyg
are of tetragonal symmetry in the first approximation and
addition have lower symmetry than the tetragonal one.
shown in Fig. 1~b!, the Mn31 ion at the Mn~2! site has
mainly tetragonal symmetry~elongated! with the axially
symmetric axisd, which lies in the direction of 11.7° from
thec axis. On the other hand, the Mn31 ion at the Mn~3! site
has a considerable rhombic component7 in addition to the
tetragonal one, in which thed axis makes an angle of 36.2
from thec axis.

As already noted, the hyperfine field of the Mn31 ion has
an anisotropic dipolar termHd besides an isotropic Fermi
contact termHF . As is clear from Eq.~10!, the 55Mn NMR
frequency for the Mn31 ion varies appreciably depending o
the two frequenciesnF andnd and an angleu shown in both
Figs. 1~b! and 4~c!. We next evaluate the two parametersHF

andHd8 , of the hyperfine field. The value ofx calculated for
the free Mn31 ion is given to be22.91 a.u.,46 which corre-
sponds to 4xMn3152485 kG[HF(calc) for the calculated
value of Fermi-contact term in the Mn31 ion. On the other
hand, the dipolar hyperfine field parameter in Eq.~A3! is
given to be hd5(4/7)mB^r 23&5(2/7)3125̂ r 23&a.u. ~Ref.
45! 51171 kG[hd(calc), using^r 23&54.79 a.u. for the
free Mn31 ion.46

However, it turns out that the use of these theoretical v
ues fails to explain our NMR results. Then in order to obta
reasonable agreement between the experiment and cal
tion it is necessary to take into account the reduction fac
for the Fermi-contact and dipolar hyperfine fields. Here,
for the dipolar hyperfine field, we apply the reduction fact
for 3d-electron spins obtained by neutron-diffraction me
surements because the dipolar hyperfine field is directly
lated to the local moment of the ion. Using the experimen
value of the Mn31 magnetic moment, 3.6960.04mB ~8
61% reduced from 4.0mB! at Mn~2!, which was obtained by
5-7
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the polarized-neutron-diffraction measurement,34 we can es-
timate the dipolar hyperfine field parameter to behd
5hd(calc)30.9251157.3 kG for the Mn31 ion at Mn~2!.
Next, we takeHd85hd by assuming the tetragonal symmet
of sixfold O22 ligands around the Mn31 ion at Mn~2! with-
out any other lower symmetry. In order to obtain the expe
mental valueHN52264.8 kG from Eq.~12! by using the
values Hd851157.3 kG andu511.7°, it is necessary to
choose the Fermi-contact hyperfine field to beHF
52412.4 kG for the Mn31 ion at Mn~2!. This value corre-
sponds to 85% of the above-calculated value of2485 kOe.
These values of the hyperfine fields,HF52412.4 kG and
Hd851157.3 kG, are comparable toHF52414.8 kG and
Hd851113.6 kG deduced from ESR measurements for
Mn31 ion in TiO2 .48

Since it is clear in general thatHF is roughly constant for
ions of common valence in common environments,46 we
here reasonably apply the same value ofHF to the Mn31 ion
at the Mn~3! site. Then by substituting the observed value
HN52345.4 kG, HF52412.4 kG, andu536.2° in Eq.
~12! we findHd851140.5 kG for the Mn31 ion at the Mn~3!
site. As shown in Eq.~A3!, the effective dipolar hyperfine
field parameterHd85hd cos 2f in dipolar hyperfine coupling
tensorD varies depending on the ratio of admixing of th
u3Z22r 2& wave function touX22Y2& as specified by Eq.~6!.
The obtained resultHd851140.5 kG for Mn~3! can be rea-
sonably interpreted taking into account admixing coefficie
for the ground-state wave function, cosf and sinf, to sat-
isfy the relation cos 2f50.893 (f513.4°). The quantitative
interpretation of hyperfine fields for the Mn31 ions in
Mn12Ac is arranged in Table I. For the case of the Mn31 ion
at the Mn~3! site the ground-state wave function has to

TABLE I. Hyperfine field of the Mn31 ion in Mn12Ac is inter-
preted to follow the expressionHN(u)5HF1(1/2)(3 cos2 u21)Hd8
by adopting relevant values ofHF and Hd8 and by putting a fixed
value into the angleu, suitable for the Mn~2! (u511.7°) or Mn~3!
(u536.2°) site. The effective dipolar hyperfine field parame
Hd85hd cos 2f can be obtained by using the ground-state wa
function cg5cosfuX22Y2&1sinfu3Z22r2& with admixing coeffi-
cients cosf and sinf. Here we adopted the value of the Ferm
contact hyperfine fieldHF52412.4 kG and that of dipolar hyper
fine field parameterhd5

4
7 mB^r 23&51157.3 kG, which is reduced

by 8% from the calculated valuehd(calc)51171 kG for free Mn31

ions taking into account the value of the Mn~2! moment determined
by neutron diffraction measurements in Ref. 34. The calculated
ues for the hyperfine fields are from Ref. 46.

Fermi-contact
term ~kG! Dipolar term~kG!

Free Mn31 ion ~calc! HF(calc)52485 hd(calc)51171
8% reduced

for hd

hd50.923hd(calc)
51157.3

Mn31 ion in Mn12Ac HF52412.4 Hd85hd cos 2f
Mn~2! (u511.7°) 2412.4 1157.3 (f50.0°)
Mn~3! (u536.2°) 2412.4 1140.5 (f513.4°)

HN5HF1
1
2 (3 cos2 u21)Hd8
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defined under the influence of a considerable rhombic co
ponent of the crystal field, which results in a smaller dipo
hyperfine field than that for Mn~2! in terms of the admixing
coefficient cos 2f. The quadruple coupling constan
e2qZZQ/h can be deduced fromDvQ54.360.1 for 55Mn at
Mn~2! and 2.960.1 MHz for 55Mn at Mn~3! to be 30.6
60.7 MHz and 40.661.5 MHz, respectively.

We have analyzed the hyperfine fields of Mn41 and Mn31

ions in Mn12Ac and quantitatively clarified that the forme
only has an isotropic termHF , while the latter has an aniso
tropic termHd in addition toHF . Using these parameters w
can deduce total angular dependence of the hyperfine fi
for Mn31 ions as expressed in Eq.~7!. The obtained results
from the present NMR studies are summarized in Table
For the case of Mn31 ions @both Mn~2! and Mn~3!# the total
hyperfine fieldsHN are not parallel to their own spins exce
for u50 andp/2, as noted in Eq.~8!, but make an anglea
2u from thec axis, which causes the55Mn NMR frequency
n21/2↔1/25

55guHN1Hu/2p in the external field approxi-
mately to be$55gHN655g cos(a2u)H%/2p in the condition
of H!HN . Therefore the effective value ofg/2p, geff/2p,
obtained from the frequency-field diagrams for Mn31 ions in
Fig. 3 is expected to be (55g/2p)cos(a2u). The fact that the
value cos(a2u) evaluated from the values ofu and a in
Table II deviates less than 0.04 from 1 implies that the va
of geff/2p for 55MN NMR in Mn31 ions would be quite
similar to that of55g/2p of the free55Mn nucleus. This is the
case just observed in Fig. 3 for55Mn NMR in both Mn31

ions.
Quite recently, Furukawaet al.52 presented a report on th

zero-field55Mn NMR and field dependence of the NMR fre
quencies for the oriented powder Mn12Ac, together with the
nuclear relaxation rate 1/T1 . They discussed nuclear relax
ation by thermal fluctuations in theS510 spin states, and
from the frequency-field diagram they denoted the stand
picture of magnetic structure in the cluster. They assum
that the dominant part of the hyperfine field of the55Mn
nuclei in the Mn31 ion was the core-polarization term, ne

r
e

l-

TABLE II. Summary of55Mn NMR results for Mn12Ac: 55Mn
NMR frequencies, quadrupole-coupling constants, hyperfine fie
hyperfine coupling constants, and tetragonal ratio of octahedra
vironments around the Mn31 ion.

Site
valence

Mn~1!
Mn41

Mn~2!
Mn31

Mn~3!
Mn31

n ~MHz! 230.260.1 279.460.1 364.460.1
DnQ ~MHz! 0.7260.05 4.360.1 2.960.1
e2qQ/h ~MHz! 4.8060.33 30.660.7 40.661.5
HN ~kOe! 2218.260.1 2264.860.1 2345.460.1
HF ~kOe! 2218.260.1 2412.4 2412.4
Hd8 ~kOe! 1157.3 1140.5
u5d∧c 11.7° 36.2°
a5d∧HN 21.7° 52.4°
cos(a2u) 0.98 0.96
Az ~MHz! 153.5 139.7 182.2
Tetragonal ratio 1.16 1.11
5-8
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glecting dipolar terms. Accordingly, the identification of th
two spectra concerned with Mn~2! and Mn~3! remains un-
solved. Here we have reasonably identified these two spe
around 280 and 364 MHz by taking into account the con
bution from the dipolar hyperfine field to be due to Mn31

ions at Mn~2! and the ones at Mn~3!, respectively.

C. Hyperfine interaction in the Mn 12Ac cluster

We discuss here the total hyperfine interaction betw
manganese nuclei and the molecular spinS510 in Mn12Ac
by taking into account three kinds of hyperfine coupling co
stants obtained for Mn~1!, Mn~2!, and Mn~3!, respectively.
The roles of the hyperfine interaction in the magnetic rel
ation of Mn12Ac clusters have been discussed by seve
authors.6,10–13,16The hyperfine interactions concerned wi
eight Mn31 and four Mn41 ions in the Mn12Ac cluster have
been studied quantitatively by Hartmann-Boutronet al.2 as-
suming two kinds of hyperfine coupling constants for ma
ganese ions. Since the present55Mn NMR results in Mn12Ac
show us three kinds of ground states for manganese ion
the cluster, we express the total magnetic hyperfine inte
tion in the Mn12 cluster in terms of three kinds of hyperfin
tensors45 Axyz for single ions as

^Hn
tot&5(

r 51

12

^Hn& r5(
i 51

4

Si
~1!Ai

~1!I i
~1!

1(
j 51

4

Sj
~2!Aj

~2!I j
~2!1 (

k51

4

Sk
~3!Ak

~3!I k
~3! , ~13!

where the superscripts~1!, ~2!, and ~3! are concerned with
Mn~1!, Mn~2!, and Mn~3! sites, respectively. Each sum
limited over manganese ions within one of the Mn~1!,
Mn~2!, and Mn~3! sites. Next, we take into account the fe
rimagnetic structure in the Mn12 cluster where the quantiza
tion axis is taken to be as thez axis along thec axis and
assuming in the ground state that thex andy components of
the electron spin are replaced by 0. Then Eq.~13! can be
simplified to be

^Hn
tot& ferri5Sz

~1!Azz
~1!(

i 51

4

I zi
~1!1Sz

~2!Azz
~2!(

j 51

4

I z j
~2!

1Sz
~3!Azz

~3!(
k51

4

I zk
~3!

51
3

2
Azz

~1!(
i 51

4

I zi
~1!22Azz

~2!(
j 51

4

I z j
~2!

22Azz
~3!(

k51

4

I zk
~3! . ~14!

By use of the relationn5Azz•S/h from the observed centra
frequencies n (1)5230 MHz, n (2)5280 MHz, and n (3)

5365 MHz, we can deduce the hyperfine coupling consta
divided byh, referring toAzz

(1)/h, Azz
(2)/h, andAzz

(3)/h asAz
(1) ,

Az
(2) , andAz

(3) to be 153.5, 139.7, and 182.2 MHz, respe
tively. Accordingly for the total hyperfine interaction in th
22442
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Mn12Ac molecule at the ferrimagnetic ground state, we o
tain the following equation in MHz:

S 1

hD ^Hn
tot& ferri51

3

2
~153.5!(

i 51

4

I zi
~1!22~139.7!(

j 51

4

I z j
~2!

22~182.2!(
k51

4

I zk
~3! . ~15!

Every sum takes integer values from210 to 10 considering
I (55Mn)5 5

2 . The number of allowed values of the energy
(231011)359261.

The maximum value of the effective hyperfine interacti
for ferrimagnetic coupling in the Mn12Ac molecule can be
obtained from the next relation

S 1

hD ^Hn
tot& ferri52310S 3

4
3153.31139.7118.2D MHz

50.29 cm21. ~16!

From the definition^Hn
tot&ferri5gzmBSz•he we can estimate

the maximum nuclear hyperfine fieldhe5324 G, usinggz
51.93,35 which is seen by the total spinS510. This value
amounts to 2.5 times as large as the nuclear hyperfine
for a single Mn41 ion ~137 G! in Mn12Ac. Therefore every
electronic energy level for the stateuS,m& determined by Eq.
~1! is inhomogeneously broadened through a hyperfine in
action with 12 55Mn nuclei into 213 sublevels with total
spread of about 0.3 cm21 ~0.42 K!. The broadened energ
levels which approximately appear like a continuum a
symbolically depicted in Ref. 2. This amount of hyperfin
interaction was also confirmed by measurements of the m
netic specific heat at low temperatures where an appreci
nuclear contribution appeared below 0.5 K in Mn12Ac.28,30

Next, we refer to the other components of the hyperfi
coupling tensorAxyz

(p) /h in MHz which play an important role
in the magnetization relaxation and also in the55Mn nuclear
relaxation in Mn12Ac. For Mn~1! the hyperfine interaction is
isotropic; then,Axyz

(1) /h is 15331 MHz where1 is a unit ten-
sor. The hyperfine coupling tensorsAxyz

(2) /h for Mn~2! and
Axyz

(3) /h for Mn~3! are given in Appendix B. By applying
these values to Eq.~13! we can represent the total hyperfin
interaction in the cluster. This type of total hyperfine inte
action in the Mn12 cluster is understood to be strictly anis
tropic in character.

The above transverse component of the hyperfine inte
tion would contribute in the magnetic relaxation2,6,12 of the
cluster to promoting both the transition betweenuS,m& levels
and quantum tunneling as well as the molecular-dipole in
action and higher-order crystal anisotropy. Luis, Baltolom
and Fernandez13 calculated the relaxation rate as a functi
of the longitudinal magnetic field, taking into account dipol
fields among clusters together with hyperfine fields and
quartic magnetic anisotropy, and explained the nonlinear s
relaxation rate in terms of spin-phonon-induced tunnel
depending on the longitudinal external field. On the oth
hand, Leuenberger and Loss,15 neglecting the hyperfine an
dipolar fields forT.1 K, calculated the relaxation rate as
5-9
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function of the longitudinal magnetic field based on phono
assisted spin tunneling induced by the quartic magnetic
isotropy and weak transverse magnetic fields. Their re
was also in good agreement with experimental relaxa
rates including all resonance peaks. It has been assured
these theoretical calculations that any extent of a transv
component is essential to explain the magnetic relaxatio
Mn12 clusters, no matter what the phonon-assisted quan
transition may be induced by an external or internal orig

D. Relaxation of Mn12Ac cluster magnetization

It is noted that in the present relaxation experiment at
K the square-root decay of magnetization, typically shown
Fig. 5 for external magnetic fields of 1.2 and 1.4 T, has b
observed in nearly the whole range between 0.200 and 1
T in short times. In the inset of Fig. 5 the gradual decreas
t versusH can be interpreted as the relaxation governed
the spin-phonon interaction2,8 due to the decrease of the p
tential barrier. The occurrence of regular minima oft at ev-
ery 0.45 T, which is nearly equal toD/gmB ([H1) using
D'0.58 K, implies that resonant quantum tunneling19,20

arises between the levels of the two wells having the sa
energy. This feature is found obviously above 2.0 K, wh
such a marked behavior below 1.8 K cannot be clearly
served. Taking into account such a thermal effect—that
relaxation times depend strongly on temperatures—we
derstood that the appearance of dips corresponds to pho
assisted resonant quantum tunneling which has b
suggested39,40 and discussed19,20 by several authors.

It is well known that the recovery curve of the clust
magnetizationM is expressed by a stretched-exponen
function M5M0@12exp$2(t/t)b%# after reversal of the field
or M5M0 exp$2(t/t)b% in zero field.53 It has been found in
zero-field relaxation for Mn12Ac that the exponentb is
strongly temperature dependent: below 2.0 K,b is close to
0.5 and increases linearly with temperature up to 2.4 K
reachb51.1, then slightly decreasing at higher temperatu
and long times to beb51.22 Theoretically, it was shown tha
in zero field at very low temperature, where pure quant
tunneling between the ground states (m5610) occurs,b
51/2 holds in short times whileb51 in long times.10,11

Evidence of a square-roott relaxation in short times has bee
observed for Fe8 below 0.4 K in low fields~0–20 mT! ~Ref.
53! and also for Mn12Ac at 0.9 K in 4.02 T.26

The relaxation time of the magnetization in Mn12Ac, in-
vestigated in long times by the use of proton NMR by Ja
et al.38 has been measured as a function of longitudinal m
netic field at 2.4 K. Their result was interpreted as the ba
ground relaxation of the Arrhenius law due to thermal ex
tations accompanying relaxation minima at level crossin
However, in our case the result of the relaxation time sho
in the inset to Fig. 5 indicates that the background relaxa
does not follow strictly the Arrhenius law, showing a mo
abrupt decrease with external field. The background re
ation based on the thermal excitation over the barrier is
pected to be represented by an exponential lawt
5t0 exp$(D2gzmBSzH)/kT% with gz51.93,35 S510, andt0
5831027 s,38 which is shown in the inset to Fig. 5 by th
22442
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dotted line for comparison. Such a deviation may be pr
ably due to the relaxation times obtained in short times,
reason for which has been studied now.

The above two facts—the square-roott relaxation in short
times and the deviation of the relaxation time from t
Arrhenius law—are probably relevant to the present exp
mental situation—measurements at 2.0 K in a field of ab
1 T—which is effectively compared to the phonon-assis
tunneling regime.54

V. CONCLUSION

By an analysis of the hyperfine fields of55Mn nuclei as-
sociated with Mn31 and Mn41 ions, we have interpreted
three kinds of55Mn NMR composed of fivefold quadrupole
split lines and identified them to the corresponding sites
Mn12Ac clusters. Namely, the central frequencies 230
60.1 MHz, 279.460.1 MHz, and 364.460.1 MHz were as-
signed to be55Mn NMR originating in Mn41 ions at Mn~1!
sites, Mn31 ions at Mn~2! sites, and Mn31 ions at Mn~3!
sites in Mn12Ac molecules, respectively.

In Mn12Ac crystal the hyperfine field concerned with th
Mn41 ion has been found to be largely reduced to 74% co
pared with the calculated value and the ones in other c
pounds. The hyperfine field of the Mn41 ion, which is
mainly due to the Fermi-contact term, is isotropic, while th
of Mn31 is anisotropic. The hyperfine field of the Mn31 ion
demonstrates the contribution of the appreciable dipo
term, which is deduced from the admixed wave function r
evant to the low symmetry of the crystal field, to the to
hyperfine field. The magnitude of the total hyperfine intera
tion in the Mn12 cluster at the ferromagnetic ground state
estimated to be 0.3 cm21 at most using 12 hyperfine con
stants of the single manganese ion obtained from pre
NMR results. Therefore the exact energy levels which
specified byuS,m& and determined by the spin Hamiltonia
~1! are broadened like a continuum with a half width of 0
cm21 owing to the hyperfine interaction. The amount of t
above hyperfine interaction corresponds to the nuclear hy
fine field he50.32 kG acting on Mn12 cluster spin. The total
hyperfine coupling tensor for the Mn12 cluster has been ob
tained by summing up 12 hyperfine coupling tensors
single ions that are composed of both isotropic (Mn41) and
anisotropic (Mn31) components.

As for magnetic relaxation in Mn12Ac in a longitudinal
field, the cluster magnetization relaxes nonexponentially
short times; i.e., it shows a square-roott recovery curve at
2.0 K. The fact that the longitudinal-field dependence of
relaxation time in short times shows significant dips of mo
than one order of magnitude at every 0.45 T-step at 2.0
demonstrates that the thermally assisted resonant qua
tunneling is active in the early stage of the magnetic rel
ation at 2.0 K. By using55Mn NMR the magnetization re-
laxation in the fields can be measured in a few seconds a
the reversal of the applied field. Measurements of the re
ation rates which increase significantly with application
measurable transverse applied fields are now in progres
5-10
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APPENDIX A: DIPOLAR HYPERFINE FIELD

In order to calculate the dipolar hyperfine field for th
Mn31 ion, we adopt the expression of the nuclear dip
interaction with 3d electrons given in Ref. 45 for a dipola
hyperfine Hamiltonian and average it with respect to
ground-state wave function~6! as follows with only diagonal
terms in notation of theXYZ frame remaining:

Hd52
2g\mB

r 3 jF $L~L11!23LZ
2%S SZI Z2

1

2
SXI X

2
1

2
SYI YD2

3

2
iL Z~SXI Y2SYI X#. ~A1!

Then the effective dipolar hyperfine interaction can be
tained, usingj521/42 for S52 andL52,45

^cguHducg&5cos 2f
2g\mB

7
^r 23&

3S SZI Z2
1

2
SXI X2

1

2
SYI YD . ~A2!

By equating Eq.~A2! to the expression2g\I•Hd , we get
the dipolar hyperfine field for the present case, in terms o
unit vectorêm of the magnetizationm of the Mn31 ion:

Hd5Dêm , ~A3!

where

D5Hd8S 21

2
0 0

0
21

2
0

0 0 1

D ,
22442
in
.

-

e

e

-

a

in terms of an effective dipolar hyperfine field parame
Hd85hd cos 2f with a parameterhd5(4mB/7)^r 23&.47

APPENDIX B: HYPERFINE COUPLING TENSOR
FOR THE Mn 3¿ ION

The magnetic hyperfine interaction for the Mn31 ion is
expressed in theXYZ frame as follows45,47:

^cguHnucg&5S•AXYZ•I , ~B1!

with

AXYZ5
1
2 g\uHFu12 1

2 g\D. ~B2!

This relation is analogous to Eq.~7!.
However, since in the Mn12Ac cluster the quantization

axis of spins should be defined along the crystalc axis, we
express the above hyperfine coupling tensor in thexyzframe
where thez axis is taken as thec axis. The result of the
notation of the hyperfine coupling tensor transformed fro
theXYZframe to thexyzframe in Fig. 4~b! is the following:

^cguHnucg&5S•Axyz•I , ~B3!

with

Axyz5
1
2 g\uHFu12

1

2
g\D8, ~B4!

where

D85Hd8S 223 cos2 u

2
0

23

4
sin 2u

0 2
1

2
0

23

4
sin 2u 0

3 cos2 u21

2

D . ~B5!

Accordingly, we get
Axyz5
1

2
g\uHFuS 12

223 cos2 u

2
k 0

23

4
sin 2u•k

0 12
1

2
k 0

23

4
sin 2u•k 0 12

3 cos2 u21

2
k

D , ~B6!
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with k5Hd8/uHFu.
Then, using suitable values ofu, HF , andHd8 in Table II,

the hyperfine coupling tensorsAxyz
(2) for Mn~2! and Axyz

(3) for
Mn~3! are obtained in MHz as follows:

Axyz
~2! 5S 253.9 0 224.7

0 176.1 0

224.7 0 139.7
D ~B7!
c

B

.

-

J

J

t.

o

B
,

B

e

K
J

y

B

a

22442
and

Axyz
~3! 5S 221.0 0 253.0

0 180.5 0

253.0 0 182.2
D , ~B8!

respectively.
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