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Neutron study of mesoscopic magnetic clusters: Mn12O12
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Neutron diffraction and inelastic neutron scattering in zero field have been performed on mesoscopic mag-
netic Mn12O12 clusters, well known for their macroscopic quantum effects observed at low temperature. In
addition to the static spin correlations of the cluster in its ground state, we have observed some energy levels
related both to the anisotropy and to the exchange energies of the cluster, with their respective dynamical form
factor. The temperature andQ dependences of the anisotropy energy levels can be qualitatively explained
using a quantum model. Besides these expected modes, the most striking result is the observation of extended
energy modes at energy values below those related to anisotropy. Their temperature andQ dependences differ
from those expected for the energy levels of usual magnetic clusters. They indicate an additional spin coupling
which must play a role in tunneling properties.@S0163-1829~97!09534-9#
co
s

e
it
ie
th
ti

th

b

o

e
n

y
u
a

es
fo

in
e

nd
. In
ing
y

sa-

m,
first
di-

lity
on
-
ts.

ns
ged

n an
re-
are
of
ls.

ex-

ser-
are
the
the
nti-
INTRODUCTION

Recently, superparamagnetic properties have been dis
ered at low temperature (T,10 K) for the magnetic cluster
of formula Mn12O12~CH3COO!16~H2O)4 .1 These properties
are associated with the existence of an energy barrier du
anisotropy with a strong uniaxial character. In contrast w
the vast majority of superparamagnetic particles stud
these magnetic clusters are perfectly identical to each o
so that they represent an ideal case for the study of relaxa
or tunneling properties. They form a tetragonal lattice,
anisotropy being along thec axis. From low temperature
susceptibility measurements, a total spin valueS510 was
formulated for the ground state of the cluster, which can
depicted as a ferrimagnetic state with 8 Mn31 (Sa52) ori-
ented antiparallel to 4 Mn41 (Sb53/2) as a result of the
dominant exchange interactions.2,3 A microscopic model of
relaxation where the energy barrier is overcome via a c
pling with phonons, has been proposed.4,5 It uses a quantum
picture, where the energy barrier consists in a staircas
energy levels corresponding to the splitting of the grou
state S510, by the magnetic anisotropy represented b
bilinear termDSz

2. On the experimental side, very spectac
lar properties were recently found for the magnetization
low temperature, showing regular steps in the hyster
cycle. They support the idea of a nearly perfect system
the study of macroscopic quantum tunneling6–10 which, as a
specificity of this system, appears thermally assisted. S
the uniaxial anisotropy does not allow transitions betwe
560163-1829/97/56~14!/8819~9!/$10.00
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the twoS5110 andS5210 states, one has to understa
the mechanism which allows the tunneling in such system
this context, a microscopic study using neutron scatter
can provide important informations. A first diffraction stud
was performed in applied field, indicating a large delocali
tion of the electronic spin density.11 In the present paper we
report the first microscopic study in zero field of this syste
in the energy range corresponding to anisotropy and
exchange levels. Actually, the neutron probe provides a
rect observation of the imaginary part of the susceptibi
x9(Q,v) in an energy range corresponding to fluctuati
times of about 10210 to 10212 s, far apart from the measure
ment times corresponding to relaxation or tunneling effec
Two different techniques were used.~1! By diffraction ~with-
out energy analysis!, we have measured the spin correlatio
which at low temperature correspond to the time avera
magnetic spin structure of the Mn12O12 cluster.~2! By inelas-
tic scattering we have measured the excitation spectra, i
energy range up to 7 THz. In these experiments, like in p
vious ones where generally much smaller clusters
investigated,12 the quantum nature of the magnetic state
the cluster clearly appears in well defined energy leve
However, this microscopic study reveals the existence of
tended energy states, with peculiar temperature andQ depen-
dences. The paper is divided as follows: In Sec. I the ob
vations obtained by diffraction and inelastic scattering
successively reported. In Sec. II, a qualitative analysis of
observations is proposed with a discussion concerning
new extended energy states. In Sec. III, we report a qua
8819 © 1997 The American Physical Society
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8820 56M. HENNION et al.
tative analysis of the energy levels related to the anisotro
using at first a quantum description within a simplified p
ture for the ground state of the cluster and then a class
approximation.

I. EXPERIMENT

A powder sample of
Mn12O12@C~D12xHx)3COO#16@~D12xHx)2O]4 of about 1 g
was prepared for the neutron experiments. Thex parameter
indicates that the deuteriation, intended to decrease the i
herent contribution of H, was only partly successful. T
value of x was determined from the transmission factor
the direct neutron beam~see below!.

The nuclear structure was first determined by x rays w
a four circle spectrometer on a small single crystal. The d
fully agree with the previous study of Lis13 who has found a
centered tetragonal structure with space groupI4, and a
517.319 Å, c512.388 Å as lattice parameters. ac susce
bility curvesx8~v!, andx9~v! were determined in a very low
field ~1 mT!. From Tx8(v), the temperature dependence
the effective magnetizationmeff(T) was deduced and reporte
in Fig. 1. The drop below 15 K indicates the onset of rela
ation effects. The extrapolation of the linear portion belo
40 K yields meff521mB , in good agreement with the ex
pectedS510 value. This curve agrees very well with earli
measurements.1–3

A. Neutron diffraction study

The neutron diffraction measurements were carried ou
the G6-1 spectrometer of the reactor Orphe´e ~Laboratoire
Léon Brillouin! with a multidetector, using the inciden
wavelengthl54.74 Å. With two different positions of the
detector, we could investigate the scattering vectorQ range
0.2,Q,2.5 Å21. The powdered sample, in a cylindric
holder of aluminium, was set in a cryogenerator. The spe
were recorded at five temperatures in the range 7 K,T
,300 K. The intensities were corrected from the detec
cell efficiency and from the scattering of the sample hold
using the experimental determination of the transmission
tor of the direct beam. From the comparison between
calculated and experimental transmission factor, taking
account the weight and density of the irradiated sample,
deduce the concentration of hydrogen,x, still present in the
sample (x.0.3). The intensities were converted

FIG. 1. Effective magnetization per cluster as a function of te
perature.
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barn/at/ster using a Vanadium of cylindrical shape, tak
into account the angular dependent absorption and mult
scattering effects.

In Fig. 2, we have reported a typical scattering intens
observed atT57 K. The position of the Bragg peaks can b
indexed within the tetragonal structure. The indeterminat
about the relative D/H occupancies on the sites preven
analyze their intensities. Interestingly, the Bragg peaks
superimposed on a large signal, which consists of a diffu
smoothlyQ-modulated component and of aQ-independent
one, readily related to nuclear incoherent scattering~evalu-
ated to 1.08 barn/average atom or 12 barn/Mn!. This appears
when looking at a much larger scale~see the inset of Fig. 2
for T57 K where the scale has been increased by a facto
ten!. This Q modulation evolves continuously with temper
ture between 7 and 300 K, indicating its magnetic orig
This magnetic intensity was approximated by a set of Tc
bytcheff polynomials using a smoothing procedure fro
which one obtains the continuous curves reported on Fig
at the two extremal temperatures, 7 and 300 K. At 7 K, t
diffusive intensity shows a strong increase belowQ
50.4 Å21 and two rounded maxima at aboutQ50.8 Å21

and 1.8 Å21. At 300 K, the enhancement observed at sm
Q values has nearly disappeared. The small residual
hancement is attributed to powder grain scattering and th
fore has been subtracted from the spectra at all temperat
yielding the dashed curves in Fig. 3. The maximum
0.8 Å21 has also disappeared whereas a large bump still
sists at 1.6 Å21.

B. Inelastic neutron scattering

Inelastic scattering experiments were carried out on
three axis spectrometers 4F1 and 1T, installed respectively
on the cold and the thermal sources. Bent graphites w
used as monochromator and analyzer. The energy scans
performed at constant outcoming neutron wave vec
mainly usingkF51.55 Å21 with a berylium filter, investigat-
ing the 0–3.5 THz energy range at various temperatures

At low temperature, a typical energy spectrum can
divided into three parts:~i! a well defined excitation around

-

FIG. 2. Diffraction spectrum showing the nuclear Bragg pe
intensities. In the inset, the intensity is increased by a factor of
showing the modulations of the diffuse intensity below the Bra
peaks.
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56 8821NEUTRON STUDY OF MESOSCOPIC MAGNETIC . . .
0.3 THz or 1.24 meV,~ii ! a broad excitation spectrum
around 0.2 THz, and~iii ! another broad energy spectru
mainly between 1.2 THz up to about 7 THz. We descr
their respective characteristics successively.

In Fig. 4 we have reported a typical inelastic scatter
spectrum observed in the 0–0.5 THz range with neutron
ergy loss atQ50.95 Å21, T51.55 and 2.59 K. The huge
central peak atv50 is attributed mainly to theelastic inco-
herent nuclear contribution. We also observe a broad en
‘‘mode’’ around 0.2 THz, whose intensity mainly increas
between 1.55 and 2.59 K and a well defined peak at 0.3 T
This latter inelastic peak can be fitted by a delta funct
convoluted with the spectrometer resolution, indicating

FIG. 3. The continuous curves represent the diffuse intensit
T5294 K and 7 K, obtained by a smoothing procedure from
raw data. The dashed part of the curves belowQ50.25 Å21, are
obtained after the subtraction of the residual increase observe
this low-Q range at 294 K and attributed to the scattering by po
der grains.

FIG. 4. Energy scan measured atQ50.95 Å21 and T
51.55 K, and 2.59 K. The continuous line is a fit using a de
function for the peak convoluted with the spectrometer resoluti
e

g
n-

gy

z.
n
a

well defined excitation energy atv50.3 THz~1.24 meV!. In
Fig. 5 we have reported theQ dependenceI (Q) of the maxi-
mum peak intensity~v50.3 THz!, corrected from the back
ground of the sample. This latter was obtained from the
eraged intensities measured atv50.2 and v50.4 THz,
namely just outside the peak. Such procedure is justified
the present case owing to the very low coherent inten
measured at these energies and temperatures~see below!. In
addition all the data at smallQ values~Q,0.05 Å21! were
checked by complete energy scan as that performed aQ
50.95 Å21 ~Fig. 4!. As indicated by the scale on the le
side, the data in Fig. 5 have been put on an absolute s
~corresponding tomB2 /g2 units! using the incoherent scatte
ing of a vanadium sample. There can be a systematic e
estimated as 30% of the intensity, mainly due to the de
mination of the sample transmission. The intensityI (Q,v
50.3 THz) shows large modulations with minima an
maxima at the sameQ values as those of the magnetic i
tensity observed in the diffraction experiment~inset of Fig.
2!. The first maximum is observed forQ50.95 Å21.

In Fig. 6, the energy line shape measured aroundv50.3
THz and atQ50.95 Å21 is reported at four temperature
between 1.5 and 17 K. As the temperature rises, the inten
of the inelastic peak decreases and broadens on its
energy side. Moreover, we still observe some bump aro
0.2 THz.

To understand better the origin of this broad ener
‘‘mode’’, we have performed a detailed study of its tempe
ture andQ dependences.Q scans performed atv50.2 THz,

at
e

in
-

.

FIG. 5. Intensity obtained at constant energy~v50.3 THz! ver-
susQ. Full circles: experiment, in neutron counts~scale on the right
side! and inmB

2/g2 units~scale on the left side!. The continuous and
dashed lines correspond to the quantum and classical calculat
respectively. They both tend to the 13.333mB

2/g2 value forQ50.
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8822 56M. HENNION et al.
for several temperatures, are reported in Fig. 7. With resp
to the energy mode at 0.3 THz, we observe important dif
ences:~i! The intensity of this ‘‘mode’’, which already exist
at the very low temperature value 1.55 K, as indicated by
Q dependence of the intensity, fastly increases in a low
narrow temperature range. Note the difference between
and 2.1 K, compared to that between 2.1 and 2.77 K. T
variation of the intensity of this ‘‘mode’’ cannot be followe
above this temperature, since the increase of the inten
~reported in Fig. 6 for instance! becomes dominated by th
contribution of the anisotropy levels as shown below.~ii !
The low Q intensity is temperature independent, which su

FIG. 6. Energy scans at constantQ (0.95 Å21) and at four tem-
peratures: 1.5, 6.24, 11.24, and 17.06 K. The continuous lines
guides for the eyes.

FIG. 7. Q dependence of the intensity obtained atv50.2 THz at
three temperatures. The continuous line is a guide for the eye.
ct
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e
d

55
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gests that it is of purely nuclear origin, in contrast with t
mode at 0.3 THz which shows a huge magnetic intensity
low Q. Therefore, theQ modulation related to this ‘‘mode’’,
is very different from that observed at 0.3 THz, showi
mainly a broadQ modulation with a first maximum atQ
51.18 Å21 instead of 0.95 Å21 ~compare Figs. 5 and 7 re
ported with the sameQ scale!, and no intensity aroundQ
50.

At higher energies, in the 0.5–3 THz energy range,
observe new excitations. They are shown in Fig. 8 for aQ
value of 1.5 Å21. Several peaks are superimposed ove
broad mode. The data can be fitted using delta functions
the narrow peaks~five at least!, a Lorentzian line shape fo
the broad mode~centered at 3 THz! and a constant energ
background, all of them being convoluted with the spectro
eter resolution. The narrow peaks are perfectly fitted indic
ing well defined excitations. TheQ dependence of the en
ergy level v51.2 THz, corresponding to one of the wel
defined peaks of Fig. 8, is reported in Fig. 9 exhibitin
several modulations. Above 3 THz, the intensity of the bro
mode smoothly decreases, as observed when using a h
wave vector for outcoming neutrons (kF52.662 Å21). How-
ever, at very high energies, the poorer energy resolution
vents a clear observation of eventual additional peaks.

re

FIG. 8. Energy scans at constantQ (1.5 Å21) and T51.97 K.
The dashed lines correspond to a fit with calculated functions~see
the text!.

FIG. 9. Intensity at constant energy~v51.2 THz! versusQ.
These data have been obtained usingkF52.662 Å21. The intensi-
ties have been normalized in theQ range 0.5– 1 Å21.
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56 8823NEUTRON STUDY OF MESOSCOPIC MAGNETIC . . .
II. QUALITATIVE ANALYSIS

First, we qualitatively discuss our observations, consid
ing ~1! the diffuse intensity measured by diffraction,~2! the
excitation around 0.3 THz,~3! the broad spectrum aroun
0.2 THz, and finally~4! the spectrum at higher energy su
cessively.

(1) The diffuse magnetic scattering measured by diffr
tion shown in Fig. 3 corresponds to an integration over
energies. On the side of neutron energy gain, this integra
extends over all thermally populated energy levels wher
for neutron energy loss, the integration is truncated at
incident energy~l54.74 Å corresponds toEi50.87 THz!.
At 7 K, where the transitions within both anisotropy an
exchange levels are not excited, this intensity is essent
‘‘elastic’’ and corresponds to the Fourier transform of t
correlationŝ Si

zSj
z&, wherez is the anisotropy axis, that w

call ‘‘longitudinal’’ below. Assuming that there is no inter
action or correlation between the clusters spins~the dipolar
forces are negligible!, the directions of the resultant cluste
spins vary randomly between1z or 2z between the various
clusters within a single crystal grain. Therefore, the spin c
relations ^Si

zSj
z& can be calculated for spins of individua

clusters and added independently. Such calculation is
formed in Sec. III B, and confirms this interpretation. As t
temperature increases, the anisotropy and the exchange
tations are progressively integrated in the measuremen
that theQ dependence evolves. At 300 K, the bump o
served around 1.6 Å21, being absent at 7 K, is attributed t
residual antiferromagnetic correlations inside one clus
and therefore indicates the existence of an exchange cou
value of at least 25 meV in this system. This latter conc
sion is consistent with the magnetization measurements~Fig.
1!, where the values at 300 K (14mB) are much lower than
the value for the true paramagnetic state (19.5mB) given by
the sum of independent spin contributions inside each c
ter: (meff)254g2Sa(Sa11)18g2Sb(Sb11) ~g52, Sa53/2, and
Sb52!.

This situation differs from that where a long range ferr
magnetic order is induced between the clusters by applyin
magnetic field.9 There, the Fourier transform of the magne
distribution is only visible at the Bragg peak positions.

(2) The excitations around 0.3 THzare the most importan
ones to understand the relaxation properties of these clus
The well defined excitation observed atv50.3 THz ~1.24
meV! as shown in Fig. 4 is in perfect agreement with t
value of anisotropy previously determined by EPR us
very high magnetic fields.2 In the assumed model of dom
nant exchange interactions, the ground state of the clustS
510, M5610, is splitted in zero field due to the single io
anisotropy in a series of 11 levels corresponding to theSz

component ranging fromM5610 to M50. At 1.55 K only
the ground state is populated. Then, only one possible t
sition, satisfying the selection rule given by the neutron cr
section (DM511,21), can be observed, with the max
mum intensity. With the assumption of a single quadra
termDSz2, the peak provides a valueD50.52 cm21 or 0.77
K for the anisotropy constant, which is significantly larg
than the 0.46 cm21 value determined from the macroscop
magnetization measurements.7–9 When the temperature in
creases, new transitions are allowed with smaller energy
r-
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ues such asv5D@(Sz21)22(Sz22)2#, etc. Since the reso
lution energy, given by the observed linewidth of the pe
does not allow to separate two levels~distant from 2D
50.03 THz or 0.13 meV!, we expect a progressive broade
ing of the energy line shape on its low energy side, with
decrease of the intensity at 0.3 THz due to the conserva
of the total magnetic intensity. These features are qua
tively observed in Fig. 6. However, the decrease of the
tensity at 0.3 THz with temperature~see Fig. 6! is faster than
that predicted with a uniaxialDSz2 as calculated in Sec
III A 1, indicating that the energy levels which appear b
thermal population are smaller than expected. Moreov
some intensity is observed below 0.3 THz~see Fig. 6! which
cannot originate from the 0.3 THz level as discussed in~3!.
On the other hand, theQ dependence of thev50.3 THz
intensity, at a given temperature~Fig. 4!, can be qualitatively
interpreted along the above splitting scheme as calcula
below Sec. III A 2, which confirms the nature of this excit
tion.

(3) The broad energy ‘‘mode’’ around 0.2 THz~Fig. 7! is
the most surprising result since it was not expected by p
vious measurements. In particular it cannot be related to
anisotropy excitations. Its main features can be summar
as follows.

~i! The very large extension of this ‘‘mode’’ contras
with the well defined magnetic excitations observed in
highest energy range~see Fig. 4!. ~ii ! Its temperature depen
dence is not related to a Boltzmann population factor as
served for all other modes, and shows a change of reg
around 2K.~iii ! Its Q dependence is clearly distinct from
other modes, with a first maximum at a higherQ value and
no magnetic intensity aroundQ50. These observations lea
to the following comments.

This ‘‘mode’’ has a magnetic origin~phonons would ex-
hibit a Q2 dependence! and since observed at rather largeQ
values, suggests that the involved spins are coupled o
local scale. TheQ dependence~Fig. 7! is characteristic of an
excitation of a dimer with an antiterromagnetic coupling.
leads to a@11(21)S2S8cos(QR)# ~Ref. 14! law, which for
S2S851, goes to zero atQ50. This law used in the fit of
Fig. 7 determines a distanceR of 2.66 Å, close to the dis-
tance 2.76 Å of the Mn312Mn41 pairs of atoms bridged by
oxygens. The very large energy linewidth could be related
a very short lifetime or to a distribution of energy levels. O
the other hand, the peculiar temperature dependence o
intensity, with a marked increase up to 2 K, indicates t
these excitations do not originate from the lowest grou
state, but from some energy level located mainly around 0
THz ~0.12 meV! or 2 K from the ground state. The study o
this lower energy mode, not observable in the present exp
mental conditions is actually in progress. We emphasize
the increase with temperature of the intensity takes plac
the temperature range where the tunneling properties are
served, so that we believe that these new excitations co
play an important role in the physical process involved.
particular the fast increase around 2 K is reminiscent of the
decrease of the first field value observed above 2 K in Ref. 8,
Fig. 2. Since this ‘‘mode’’ lies at a lower energy than th
first anisotropy level, it must contribute to decrease the
ergy barrier as it becomes thermally populated and there
can be one of the origins leading to a discrepancy betw



an

on
lu
m

d

is
le
s

n
is
to
1
th

e
.

t
w

ng
ia

rin

a

e

a
d

ial
ts

an-
ix

re
the
ring

ix

a
ian

of

ntal
d in
ex-

ing
rees

ep-
rgy

.3

vel
he
ust

8824 56M. HENNION et al.
the microscopic and macroscopic determination of the
isotropy ~0.61 and 0.77 K from the present study!.

(4) In the higher energy range, the two main peaks
around 1.2 and 2.2 THz are attributed to magnetic excitati
related to exchange coupling between the spins of one c
ter. In the model previously proposed to interpret the te
perature dependent susceptibility15 two degeneratedS59
states were calculated at 0.725 THz, oneS58 at 1.195 THz
and otherS<8 or S.10 states at higher energies. The mo
at 0.725 THz is hardly visible here~possibly due to a very
small intensity at thisQ value! whereas the one at 1.2 THz
well observed. However, due to the neutron selection ru
DS50,61, DM50,61, one could only expect transition
from the ground stateS510, M510 to theS59, M59 and
to theS511,M510, andM511 states, so that the transitio
to S58 is in principle forbidden. Another surprising result
the observation of a splitting of the two main modes in
several well defined modes, possibly two or three around
THz and 3 around 2 THz. All these features indicate that
ground state is not a singleS510, M510 state, but a more
complex one, due to some additional coupling not includ
in the simple model of exchange and uniaxial anisotropy

III. EXCITATIONS RELATED TO THE ANISOTROPY:
A QUANTITATIVE COMPARISON

In this last part, we focus on the observations related
the anisotropy energy only and we show to what extent
are able to interpret the observed temperature andQ depen-
dences. We use the simple model of cluster with excha
and bilinear term of anisotropy, neglecting all the pecul
dynamical features detailed in Sec. II.

From the general expression of the neutron scatte
cross section,16 we can write

d2s

dVdv
~Q,v!5A@1/2gF~Q!#21/Z

3exp„[(E~S,M 8!2E~S,M )#/kT…

3(
a,b

~da,b2QaQb/Q2!

3(
i , j

exp@ iQ~Ri2Rj !#

3 (
M ,M8

^SMuSi
auSM8&^SM8uSj

buSM&

3d@v2E~S,M !2E~S,M 8!#. ~1!

Here,A is a constant@5N(ge2/2mec2)#, with N the num-
ber of Mn12O12 molecules# a,b ~5x,y or z! refer to the
cartesian coordinates~z being along the uniaxial anisotropyc
axis!, i , j run over the 12 spins of the cluster, located
positionsRi , F(Q) is the form factor of Mn ions~in the
following, the form factor of Mn31 only was used!, E(S,M )
is the energy of the magnetic cluster stateuS,M & andZ is the
partition function. In this expression, only transitions b
tween values ofM are considered,S keeping the valueS
510. This assumption is clearly valid up to about 20 K,
indicated by the energy values of the excitations attribute
exchange.
-
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A. Excitations related to the anisotropy
or ‘‘transverse spin fluctuations’’

In the present assumption of a splitting by an uniax
anisotropy alongz, we consider only the spin componen
with a5b5x anda5b5y in Eq. ~1!.

1. Temperature dependence of the intensity

We first consider the temperature dependence of the
isotropy excitations for which the calculation of the matr
elements is straightforward. From Eq.~1!, theQ dependence
of the intensity, I tr(Q,v), depends on the temperatu
through a scale factor only. Therefore we can obtain
relative temperature dependence of the intensity, conside
an arbitraryQ value. In particularI Q

tr (v,T)}I Q50
tr (v,T). At

Q50 the summation overi and j in Eq. ~1! is readily per-
formed. We have for thex component~and identically fory!

(
i , j

(
M ,M8

^SMuSi
xuSM8&^SM8uSj

xuSM&

5 (
MM8

^SMu(
i

Si
xuSM8&^SM8u(

j
Sj

xuSM&

5 (
M ,M8

^SMuSxuSM8&^SM8uSxuSM&, ~2!

where Sx5( iSi
x5( jSj

x is now the x component of
the total spin of the cluster. The calculation of the matr
elements is then straightforward, usingSx50.5(S1

1S21), Sy5(0.5/i )(S12S2) and S1uS,M &5„S(S
11)2M (M11)…1/2uS,M11&, S2uSM&5„S(S11)2M (M
21)…1/2uS,M21&. SinceM 85M21, we obtain

^SMuSxuSM8&^SM8uSxuSM&1^SMuSyuSM8&^SM8uSyuSM&

5S~S11!2M ~M11!. ~3!

We have calculated the line shapesI tr(v) at a constantQ
using Eqs.~1! and~3!. The intensities shown in Fig. 10 as
function of temperature are obtained by using a Gauss
function @instead of the delta function of Eq.~1!# to take into
account the spectrometer resolution. The normalization
the Gaussian~amplitude and linewidth! is made at 1.54 K.
When the temperature increases, the general experime
tendency is of course observed. However, as mentione
the qualitative interpretation, one observes that the main
perimental peak broadens and its intensity decreasesmuch
fasterwith temperature than the calculated curve, indicat
that the energy levels are smaller than predicted. This ag
with recent EPR experiments17 which are interpreted by in-
troducing higher order terms in the anisotropy. This discr
ancy can partly explain the difference between the ene
barrier value extracted from the Arrhenius law1 or deter-
mined from the resonant tunneling effects7–10 ~D5DS2

561 K, S510! and that deduced from the lowest level at 0
THz when using a quadratic anisotropy energy only~77 K!.
Besides this effect, we recall that the unexpected le
around 0.2 THz could play some role in the variation of t
intensity, considering that the total magnetic intensity m
be conserved with temperature.
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2. Q dependence of the intensity

By contrast with the temperature dependence of the
ergy spectrum, theQ dependence of the intensity for a give
excitation asks for the knowledge of theS510 ground state
~eigenvaluesand eigenvectors!. One has to calculate th
^sSMuSi

ausSM8& matrix elements for eachusSM& to
usSM8& transitions between the anisotropy levels. HereS
andM are the total spin quantum number and its compon
along the quantization axis, respectively.s stays for all the
intermediate spin quantum numbers necessary to univoc
define the spin function according to the coupling scheme
Fig 11. Any other coupling scheme would be equivalent~re-
lated by a unitary transformation!. In fact, this particular one
is the most appropriate under the assumption of a domin
antiferromagneticJ1 exchange constant for the Mn312Mn41

pairs~corresponding to bis-m-oxo bridges!. As already men-

FIG. 10. Comparison between the observed and calculated
files of the energy scans corresponding to the anisotropy excita
at four temperatures. The continuous lines through the experime
points are guides for the eyes~identical to those of Fig. 6!. The
dashed lines corresponds to the calculation~see the text!. At all
temperaturesT.2 K, the tail of the central peak observed belo
0.2 THz ~determined at 2 K from the difference between the tw
dashed lines!, has been added to the calculated functions.
n-

nt

lly
f

nt

tioned, one assumes15 that the ground state and the excite
states at low enough energy correspond to spin states w
fulfill the condition

S1,25S3,45S5,65S7,851/2. ~4!

This assumption corresponds to considerJ1 as infinite and to
completely disregard all the spin configurations which v
late Eq. ~4!. It greatly reduces the number of states a
makes the calculation of thermodynamical and spectrosc
properties manageable. A unique set of exchange cons
was found which provide theS510 state as a ground state
the cluster and allowed to fit the susceptibility in the lo
temperature range.2 Any coupling scheme other than the on
depicted in Fig. 11 will not satisfy the condition~4! as ex-
plained in Ref. 18.

Thus using this spin function for theS510 ground state,
the matrix elementŝsSMuSi

ausSM8& were readily calcu-
lated through the Wigner-Eckart theorem using the irred
ible tensor operator technique19 for the calculation of re-
duced matrix elements.I tr(Q) is then obtained from Eq.~1!,
after performing an average over all theQ directions with
respect to the crystallographic axisc.

In Fig. 5, I tr(Q) is compared with the experimental dat
put in the samemB

2/g2 units. We note that the intensity a
Q50 is determined byS and M values only: I tr(Q50)
52/3 @S(S11)2M (M11)#513.33 ~with S510, M59,
and the factor 2/3 related to the average over theQ orienta-
tions! and therefore independent on the model. The positi
of the minima and maxima are well reproduced, confirmi
the origin of the excitation. The discrepancy with experime
is mainly observed at lowQ, and at the secondQ modula-
tion showing the limits of this simple model.

B. ‘‘Static’’ or longitudinal spin correlations

The same comparison could be performed in princi
with the ‘‘static’’ spin correlations in the ground state a
observed by diffraction at low temperature. We have to c
sidera5b5z andE(S,M )5E(S,M 8) in Eq. ~1!, and then
to calculate the matrix elements

( i , j (M ,M8^SMuSi
zuSM8&^SM8uSj

zuSM&.

o-
ns
tal

FIG. 11. Scheme of coupling~I! of the spins of the cluster Mn12

used for the calculation of the matrix elements. The local spins
the cluster have been labeled according to the simplified drawin
the cluster shown above the scheme. There, the spins labeledS2 ,
S4 , S6 , andS10 correspond to Mn41(Sb53/2) and the remaining
spins to Mn31(Sa52).
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Using the same approximation as for the transverse ex
tions ~J1 infinite!, and performing a powder average, o
obtains the ‘‘longitudinal’’ intensityI long(Q) shown in Fig.
12. At Q50, I long(Q)52/3(Sz)2566.6. We have not com
pared quantitatively the calculation to the experimental cu
shown in Fig. 3 due to the difficulty to extract the magne
component from the total experimental intensity.~The huge
nuclear contribution is evaluated to 90% of the total intens
at Q50!.

C. Classical approximation

Although a classical calculation of the structure is inc
rect since it ignores the quantum nature of the cluster gro
state, we can expect that it provides an interesting appr
mation in the present case due to the rather large numbe
spins involved. For instance, considering the local spins
Eq. ~1! as vectors rather than operators, we repla
( i , j (M ,M8^SMuSj

xuSM8&^SM8uSj
xuSM& by ( i , jSi

xSj
x in Eq.

~1! ~resp. fory component!. The spin components are de
fined by a perfect ferrimagnetic arrangment which provide
total S510 value. Performing an average over all theQ di-
rections we obtain

I tr~Q!51/~4p!F~Q!2E
0

2p

duE
0

p

dw sinw@120.5 sin2~w!#.

~5!

XF (
i 51,12

Si
trcos~QRi !G2

1F (
i 51,12

Si
trsin~QRi !G2C.

Here,u andw are the Euler angles which define theQ direc-
tion with respect to the cell axis in a single cristal. In th
classical approximation,Si

tr is the projection of the spinSi in

FIG. 12. Comparison between the quantum calculation and
classical model for longitudinal correlationsI long(Q) in mB

2/g2

units.
a-

e

y

-
d
i-
of
n
e

a

the plane perpendicular to thez anisotropy axis, withSx and
Sy component. AtQ50, for the first excitation (Sz59), Eq.
~5! provides the same limit as the quantum calculatio
I tr(Q 50)52/3@(( iSi

x)21(( iSi
y)2# 52/3(S22Sz2) 513.33,

whereSz is the z component of the total cluster spin. Th
comparison with the experiment is shown in Fig. 5~dashed
line!. Although the position of minima and maxima are we
reproduced, the huge intensity obtained on the first mod
tion peak ~7.5 instead of 2.6 for the experiment! strongly
disagrees with the experiment. We can easily conclude
the quantum calculation provides an important improvem
compared to the classical approximation, even for suc
large cluster. The same ‘‘classical’’ approximation can
also performed for calculating the ‘‘static’’ spin correlation
in the ground state. Puttinga5b5z, and replacing the spin
operatorsSi

z by vectors, we obtain after powder average

I long~Q!51/~4p!F~Q!2E
0

2p

duE
0

p

dw sin3~w!

3S F (
i 51,12

Si
zcos~QRi !G2

1F (
i 51,12

Si
zsin~QRi !G2D .

The correspondingQ dependence is compared to the qua
tum model in Fig. 12. TheseQ dependences are very simila
to those found for the ‘‘transverse’’ spin correlations.

CONCLUSION

We have reported the first microscopic study in zero fi
of the mesoscopic Mn12O12 clusters, which is presently th
subject of an intensive research work due to its macrosco
quantum tunneling effects, by investigating the energy ra
corresponding to anisotropy and first exchange levels.
show that some excitations can be unambiguously attribu
to the anisotropy energy, and other ones to the intraclu
modes, related to the formation of a large quantum spin s
by coupling the spins of one cluster together. Howev
many features indicate a much more complex and rich s
ation in the dynamics of this system. For instance, the int
sity of the excitations related to the anisotropy decrea
faster than expected as temperature increases when us
bilinear form of the anisotropy energy. This observati
which agrees with very recent EPR experiments perform
in high field,17 can partly explains why the anisotropy barri
value~61 K! deduced from relaxation properties or tunneli
effects is smaller than that deduced from the first obser
excited state~77 K! assuming aDSz2 energy. A multiplicity
of exchange levels are observed in violation with the us
neutron selection rules. However, the most intringuing f
ture is the observation of a broad energy spectrum around
THz, therefore well below the first excited anisotropy lev
This observation leads to the conclusion that there is a c
pling inside the Mn12 cluster in addition to the direct ex
change leading to the observed high energy levels or to

e
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spin orbit coupling leading the anisotropy. Even though
origin of this mode is not elucidated here, the peculiar
pendence of its intensity in the temperature range where
tunneling properties are observed could suggest that it i
important key to understand the microscopic mechan
leading to quantum tunneling effects.
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