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Neutron diffraction and inelastic neutron scattering in zero field have been performed on mesoscopic mag-
netic Mn;,0;, 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 ang 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 temperatQréepehdences 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 properti¢S0163-18207)09534-9

INTRODUCTION the two S=+10 andS= — 10 states, one has to understand
the mechanism which allows the tunneling in such system. In
Recently, superparamagnetic properties have been discothis context, a microscopic study using neutron scattering
ered at low temperaturel < 10 K) for the magnetic clusters can provide important informations. A first diffraction study
of formula Mn;,0;,(CH;C0O0);4H,0),.1 These properties was performed in applied field, indicating a large delocalisa-
are associated with the existence of an energy barrier due tn of the electronic spin density.In the present paper we
anisotropy with a strong uniaxial character. In contrast withreport the first microscopic study in zero field of this system,
the vast majority of superparamagnetic particles studiedn the energy range corresponding to anisotropy and first
these magnetic clusters are perfectly identical to each othegxchange levels. Actually, the neutron probe provides a di-
so that they represent an ideal case for the study of relaxatiomect observation of the imaginary part of the susceptibility
or tunneling properties. They form a tetragonal lattice, they”(Q,w) in an energy range corresponding to fluctuation
anisotropy being along the axis. From low temperature times of about 101°to 10 2 s, far apart from the measure-
susceptibility measurements, a total spin vairel0 was ment times corresponding to relaxation or tunneling effects.
formulated for the ground state of the cluster, which can berwo different techniques were used) By diffraction (with-
depicted as a ferrimagnetic state with 8 Mr(S,=2) ori-  out energy analysjiswe have measured the spin correlations
ented antiparallel to 4 M (S,=3/2) as a result of the which at low temperature correspond to the time averaged
dominant exchange interactiohd A microscopic model of magnetic spin structure of the N®,, cluster.(2) By inelas-
relaxation where the energy barrier is overcome via a coutic scattering we have measured the excitation spectra, in an
pling with phonons, has been propogedt uses a quantum energy range up to 7 THz. In these experiments, like in pre-
picture, where the energy barrier consists in a staircase afious ones where generally much smaller clusters are
energy levels corresponding to the splitting of the groundnvestigated? the quantum nature of the magnetic state of
state S=10, by the magnetic anisotropy represented by ahe cluster clearly appears in well defined energy levels.
bilinear termDSZ. On the experimental side, very spectacu-However, this microscopic study reveals the existence of ex-
lar properties were recently found for the magnetization atended energy states, with peculiar temperatureCidépen-
low temperature, showing regular steps in the hysteresidences. The paper is divided as follows: In Sec. | the obser-
cycle. They support the idea of a nearly perfect system fowations obtained by diffraction and inelastic scattering are
the study of macroscopic quantum tunnefifd which, as a  successively reported. In Sec. II, a qualitative analysis of the
specificity of this system, appears thermally assisted. Sincebservations is proposed with a discussion concerning the
the uniaxial anisotropy does not allow transitions betweemew extended energy states. In Sec. Ill, we report a quanti-
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tat.ive ana_lysis of the energy Ie.vells re"f"tefd to the apjsotrqpy, FIG. 2. Diffraction spectrum showing the nuclear Bragg peak
using at first a quantum description within a simplified pic-jiansities. In the inset, the intensity is increased by a factor of 10,
ture for the ground state of the cluster and then a classic howing the modulations of the diffuse intensity below the Bragg

approximation. peaks.
I. EXPERIMENT barn/at/ster using a Vanadium of cylindrical shape, taking
into account the angular dependent absorption and multiple
A powder sample of scattering effects.
Mn1;01 C(D; - Hy) 3CO0Ld (D1 -xHy)20],4 of about 1 g In Fig. 2, we have reported a typical scattering intensity

was prepared for the neutron experiments. Xhgarameter observed al =7 K. The position of the Bragg peaks can be
indicates that the deuteriation, intended to decrease the incéhdexed within the tetragonal structure. The indetermination
herent contribution of H, was only partly successful. Theabout the relative D/H occupancies on the sites prevent to
value ofx was determined from the transmission factor ofanalyze their intensities. Interestingly, the Bragg peaks are
the direct neutron beaifsee below. superimposed on a large signal, which consists of a diffuse,
The nuclear structure was first determined by x rays withsmoothly Q-modulated component and of@-independent
a four circle spectrometer on a small single crystal. The datane, readily related to nuclear incoherent scattet@lu-
fully agree with the previous study of Lwho has found a  ated to 1.08 barn/average atom or 12 barni/NTinis appears
centered tetragonal structure with space grédpanda  when looking at a much larger scalsee the inset of Fig. 2
=17.319 A,c=12.388 A as lattice parameters. ac susceptifor T="7 K where the scale has been increased by a factor of
bility curvesx'(w), andx”(w) were determined in a very low te). This Q modulation evolves continuously with tempera-
field (1 mT). FromTx'(®), the temperature dependence of ture between 7 and 300 K, indicating its magnetic origin.
the effective magnetization®"(T) was deduced and reported This magnetic intensity was approximated by a set of Tche-
in Fig. 1. The drop below 15 K indicates the onset of relax-bytcheff polynomials using a smoothing procedure from
ation effects. The extrapolation of the linear portion belowwnhich one obtains the continuous curves reported on Fig. 3
40 K yields u®"=21ug, in good agreement with the ex- at the two extremal temperatures, 7 and 300 K. At 7 K, this
pectedS= 10 value. This curve agrees very well with earlier diffusive intensity shows a strong increase belo@
measurements:® =0.4A! and two rounded maxima at abo@=0.8 A™*
and 1.8 A1 At 300 K, the enhancement observed at small
Q values has nearly disappeared. The small residual en-
) ) i hancement is attributed to powder grain scattering and there-
The neutron diffraction measurements were carried out Ofyre has been subtracted from the spectra at all temperatures,
the G6-1 spectrometer of the reactor Ompl{kaboratoire yielding the dashed curves in Fig. 3. The maximum at

Léon Brillouin) with a multidetector, using the incident 0.8 AT has also disappeared whereas a large bump still per-
wavelengthh=4.74 A. With two different positions of the sists at 1.6 AL

detector, we could investigate the scattering veQarange
0.2<Q<25A% The powdered sample, in a cylindrical
holder of aluminium, was set in a cryogenerator. The spectra
were recorded at five temperatures in the range<7TK Inelastic scattering experiments were carried out on the
<300 K. The intensities were corrected from the detectothree axis spectrometers4 and IT, installed respectively

cell efficiency and from the scattering of the sample holderpn the cold and the thermal sources. Bent graphites were
using the experimental determination of the transmission facused as monochromator and analyzer. The energy scans were
tor of the direct beam. From the comparison between th@erformed at constant outcoming neutron wave vector,
calculated and experimental transmission factor, taking intanainly usingke=1.55 A~ with a berylium filter, investigat-
account the weight and density of the irradiated sample, wéng the 0—3.5 THz energy range at various temperatures.
deduce the concentration of hydrogen,still present in the At low temperature, a typical energy spectrum can be
sample §&=0.3). The intensities were converted in divided into three partgi) a well defined excitation around

A. Neutron diffraction study

B. Inelastic neutron scattering
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FIG. 3. The continuous curves represent the diffuse intensity at
T=294 K and 7 K, obtained by a smoothing procedure from the
raw data. The dashed part of the curves be@w0.25 A%, are
obtained after the subtraction of the residual increase observed in
this low-Q range at 294 K and attributed to the scattering by pow-
der grains.

25

0.3 THz or 1.24 meV,(ii) a broad excitation spectrum
around 0.2 THz, andiii) another broad energy spectrum
mainly between 1.2 THz up to about 7 THz. We describe
their respective characteristics successively.
In Fig. 4 we have reported a typical inelastic scattering _ .
spectrum observed in the 0—0.5 THz range with neutron en- FIG. 5. ".“ens'.ty Obta.'ned at constant enefgy-0.3 TH2 ver
_ 1 4 susQ. Full circles: experiment, in neutron courfgzale on the right
ergy loss atQ=0.95 A"1, T=1.55 and 2.59 K. The huge °. YRS | he left sideTh :
central peak ath=0 is attributed mainly to thelasticinco- sidg and.mMB/g units (scale on the left sigeThe continuous and.
L dashed lines correspond to the quantum and classical calculations,
herent nuclear contribution. We also observe a broad ener

Pspectively. They both tend to the 13. 2 value forQ=0.
“mode” around 0.2 THz, whose intensity mainly increases P y y 39 Q

between 1.55 and 2.59 K and a well defined peak at 0.3 THZye|| defined excitation energy at=0.3 THz(1.24 meV. In

This latter inelastic peak can be fitted by a delta fUnCtionFig_ 5 we have reported tl*[e dependencé(Q) of the maxi-

convoluted with the spectrometer resolution, indicating amum peak intensitfw=0.3 TH2), corrected from the back-
ground of the sample. This latter was obtained from the av-
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eraged intensities measured at=0.2 and v=0.4 THz,
namely just outside the peak. Such procedure is justified in
the present case owing to the very low coherent intensity
measured at these energies and temperataessbelow. In
addition all the data at smal values(Q<0.05 A~1) were

checked by complete energy scan as that performe@ at
=0.95A"! (Fig. 4. As indicated by the scale on the left
side, the data in Fig. 5 have been put on an absolute scale
(corresponding tag2/g? units) using the incoherent scatter-
ing of a vanadium sample. There can be a systematic error,
estimated as 30% of the intensity, mainly due to the deter-
mination of the sample transmission. The intensit®,
=0.3THz) shows large modulations with minima and
maxima at the sam® values as those of the magnetic in-
tensity observed in the diffraction experimdiset of Fig.
2). The first maximum is observed f@=0.95 A1,

In Fig. 6, the energy line shape measured arowsd.3

THz and atQ=0.95 A" is reported at four temperatures
between 1.5 and 17 K. As the temperature rises, the intensity
of the inelastic peak decreases and broadens on its low-
energy side. Moreover, we still observe some bump around
0.2 THz.

FIG. 4. Energy scan measured &@=095A"1 and T To understand better the origin of this broad energy
=1.55K, and 2.59 K. The continuous line is a fit using a delta"‘mode”, we have performed a detailed study of its tempera-
function for the peak convoluted with the spectrometer resolution.ture andQ dependence®) scans performed ai=0.2 THz,
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FIG. 6. Energy scans at constat(0.95 A-) and at four tem- gests that it is of purely nuclear origin, in contrast with the

peratures: 1.5, 6.24, 11.24, and 17.06 K. The continuous lines ar@0de at 0.3 THz which shows.a huge magne'Fic intensity at
guides for the eyes. low Q. Therefore, th& modulation related to this “mode”,

is very different from that observed at 0.3 THz, showing

for several temperatures, are reported in Fig. 7. With respedf@inly aﬁlbroadQ modulatlonl with a first maximum aQ
to the energy mode at 0.3 THz, we observe important differ-— 1-18 A_ instead of 0.95 A (compare Figs. 5 and 7 re-
encesi(i) The intensity of this “mode”, which already exists Ported with the sam& scalg, and no intensity aroun@
at the very low temperature value 1.55 K, as indicated by the=0-
Q dependence of the intensity, fastly increases in a low and At higher energies, in the 0.5-3 THz energy range, we
narrow temperature range. Note the difference between 1.58serve new excitations. They are shown in Fig. 8 f@ a
and 2.1 K, compared to that between 2.1 and 2.77 K. Thealue of 1.5 A1, Several peaks are superimposed over a
variation of the intensity of this “mode” cannot be followed broad mode. The data can be fitted using delta functions for
above this temperature, since the increase of the intensityhe narrow peaksfive at leask, a Lorentzian line shape for
(reported in Fig. 6 for instangdecomes dominated by the the broad modécentered at 3 THzand a constant energy
contribution of the anisotropy levels as shown beldié)  background, all of them being convoluted with the spectrom-
The lowQ intensity is temperature independent, which sug-eter resolution. The narrow peaks are perfectly fitted indicat-
ing well defined excitations. Th® dependence of the en-
200.0 : i ergy level w=1.2 THz, corresponding to one of the well-
defined peaks of Fig. 8, is reported in Fig. 9 exhibiting
A several modulations. Above 3 THz, the intensity of the broad

fE;ff(K mode smoothly decreases, as observed when using a higher
0 T=2.72K wave vector for outcoming neutronkg=2.662 A™1). How-
150.0 - | ever, at very high energies, the poorer energy resolution pre-
vents a clear observation of eventual additional peaks.
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FIG. 9. Intensity at constant enerdw=1.2 TH2 versusQ.

FIG. 7. Q dependence of the intensity obtainedsat0.2 THz at  These data have been obtained ugipgr 2.662 AL, The intensi-
three temperatures. The continuous line is a guide for the eye. ties have been normalized in ti@@range 0.5—-1 A%,
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Il. QUALITATIVE ANALYSIS ues such asm=D[(S?—1)%2—(S?—2)?], etc. Since the reso-

First, we qualitatively discuss our observations, considerlu“on energy, given by the observed linewidth of the peak,

ing (1) the diffuse intensity measured by diffractiai2) the does not allow to separate two leveldistant from D

S =0.03 THz or 0.13 meY, we expect a progressive broaden-
excitation around 0.3 THz{3) the broad spectrum around ing of the energy line shape on its low energy side, with a

0.2 THz, and finally(4) the spectrum at higher energy suc- gecrease of the intensity at 0.3 THz due to the conservation
cessively. of the total magnetic intensity. These features are qualita-
(1) The diffuse magnetic scattering measured by diffracyjyely observed in Fig. 6. However, the decrease of the in-
tion shown in Fig. 3 corresponds to an integration over thgensity at 0.3 THz with temperatutsee Fig. §is faster than
energies. On the side of neutron energy gain, this integratiothat predicted with a uniaxiaDS? as calculated in Sec.
extends over all thermally populated energy levels whereag| A 1, indicating that the energy levels which appear by
for neutron energy loss, the integration is truncated at théhermal population are smaller than expected. Moreover,
incident energy(A=4.74 A corresponds t&;=0.87 TH2. some intensity is observed below 0.3 Tksee Fig. 6 which
At 7 K, where the transitions within both anisotropy and cannot originate from the 0.3 THz level as discusse@®jn
exchange levels are not excited, this intensity is essentiallPn the other hand, th® dependence of th&=0.3 THz
“elastic” and corresponds to the Fourier transform of theintensity, at a given temperatute€ig. 4), can be qualitatively
correlations(S’S;), wherez is the anisotropy axis, that we interpreted along the above splitting scheme as calculated
call “longitudinal” below. Assuming that there is no inter- below Sec. Il A 2, which confirms the nature of this excita-
action or correlation between the clusters syithe dipolar  tion.
forces are negligible the directions of the resultant cluster  (3) The broad energy “mode” around 0.2 THEig. 7) is
spins vary randomly betweefz or —z between the various the most surprising result since it was not expected by pre-
clusters within a single crystal grain. Therefore, the spin corvious measurements. In particular it cannot be related to the
relations (S7S?) can be calculated for spins of individual anisotropy excitations. Its main features can be summarized
clusters and ‘added independently. Such calculation is pe@s follows.
formed in Sec. Ill B, and confirms this interpretation. As the (i) The very large extension of this “mode” contrasts
temperature increases, the anisotropy and the exchange ex#iith the well defined magnetic excitations observed in the
tations are progressively integrated in the measurement, d8ghest energy rangeee Fig. 4. (i) Its temperature depen-
that theQ dependence evolves. At 300 K, the bump ob-dence is not related to a Boltzmann population factor as ob-
served around 1.6 &, being absent at 7 K, is attributed to Served for all other modes, and shows a change of regime
residual antiferromagnetic correlations inside one clusteraround 2K.(iii) Its Q dependence is clearly distinct from
and therefore indicates the existence of an exchange couplifgher modes, with a first maximum at a higt@rvalue and
value of at least 25 meV in this system. This latter conclu-N0 magnetic intensity aroun@= 0. These observations lead
sion is consistent with the magnetization measurem@igs  to0 the following comments.
1), where the values at 300 K (A4) are much lower than ~ This “mode” has a magnetic origiphonons would ex-
the value for the true paramagnetic state (1@)5given by  hibit a Q* dependendeand since observed at rather la@e
the sum of independent spin contributions inside each clus¢@lues, suggests that the involved spins are coupled on a
ter: (u®M2=49%S,(S,+1)+80°S,(S,+1) (g=2, S,=3/2, and local scale. Th& dependencéFig. 7) is characteristic of an
S,=2). excitation of a dimer with an antiterromagnetic coupling. It
This situation differs from that where a long range ferro-leads to a[1+(—1)3*5'cosQR)] (Ref. 19 law, which for
magnetic order is induced between the clusters by applying 8—S' =1, goes to zero a®=0. This law used in the fit of
magnetic field. There, the Fourier transform of the magnetic Fig. 7 determines a distand® of 2.66 A, close to the dis-
distribution is only visible at the Bragg peak positions. tance 2.76 A of the M —Mn** pairs of atoms bridged by
(2) The excitations around 0.3 THize the most important oxygens. The very large energy linewidth could be related to
ones to understand the relaxation properties of these clusters.very short lifetime or to a distribution of energy levels. On
The well defined excitation observed @=0.3 THz (1.24  the other hand, the peculiar temperature dependence of the
meV) as shown in Fig. 4 is in perfect agreement with theintensity, with a marked increase up to 2 K, indicates that
value of anisotropy previously determined by EPR usingthese excitations do not originate from the lowest ground
very high magnetic field$.In the assumed model of domi- state, but from some energy level located mainly around 0.03
nant exchange interactions, the ground state of the cl&@ster THz (0.12 meVj or 2 K from the ground state. The study of
=10, M= =10, is splitted in zero field due to the single ion this lower energy mode, not observable in the present experi-
anisotropy in a series of 11 levels corresponding to$he mental conditions is actually in progress. We emphasize that
component ranging frortM= =10 toM=0. At 1.55 K only  the increase with temperature of the intensity takes place in
the ground state is populated. Then, only one possible trarthe temperature range where the tunneling properties are ob-
sition, satisfying the selection rule given by the neutron crosserved, so that we believe that these new excitations could
section AM=+1,—1), can be observed, with the maxi- play an important role in the physical process involved. In
mum intensity. With the assumption of a single quadraticparticular the fast increase aral K is reminiscent of the
term DS?, the peak provides a valu2=0.52 cm*or 0.77  decrease of the first field value observed a2\ in Ref. 8,
K for the anisotropy constant, which is significantly larger Fig. 2. Since this “mode” lies at a lower energy than the
than the 0.46 cm'® value determined from the macroscopic first anisotropy level, it must contribute to decrease the en-
magnetization measuremenrts.When the temperature in- ergy barrier as it becomes thermally populated and therefore
creases, new transitions are allowed with smaller energy vakan be one of the origins leading to a discrepancy between
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the microscopic and macroscopic determination of the an- A. Excitations related to the anisotropy
isotropy (0.61 and 0.77 K from the present stydy or “transverse spin fluctuations”

(4) In the higher energy rangethe two main peaks |y the present assumption of a splitting by an uniaxial

around 1.2 and 2.2 THz are attributed to magnetic eXCitationﬁnisotropy alongz, we consider only the spin components
related to exchange coupling between the spins of one clugg;:, a=B=x and'a=,8=y in Eq. (1).

ter. In the model previously proposed to interpret the tem-
perature dependent susceptibifytwo degenerateds=9
states were calculated at 0.725 THz, @8 at 1.195 THz . .
and othe!S<8 or S>10 states at higher energies. The mode We first consider the temperature dependence of the an-
at 0.725 THz is hardly visible her@ossibly due to a very isotropy exmtaﬂpns for which the calculation of the matrix
small intensity at thi€ value whereas the one at 1.2 THz is elements is straightforward. From H@), theQ dependence
well observed. However, due to the neutron selection rule2f the intensity, 1(Q,w), depends on the temperature
AS=0,+1, AM=0,+1, one could only expect transitions through a scale factor only. Therefore we can obtain the
from the ground stat&= 10, M =10 to theS=9, M=9 and relative temperature dependence of the intensity, considering
to theS=11,M =10, andM = 11 states, so that the transition an arbitraryQ value. In particulai {(w, T) <1 §_q(w,T). At

to S=8 is in principle forbidden. Another surprising result is Q=0 the summation oveir andj in Eq. (1) is readily per-

the observation of a splitting of the two main modes intoformed. We have for the componentand identically fory)
several well defined modes, possibly two or three around 1.2

THz and 3 around 2 THz. All these features indicate that the Kl 1 lex

ground state is not a single=10, M =10 state, but a more IEJ M%, (SMS{|SM')(SM |SJ ISM)

complex one, due to some additional coupling not included ’

in the simple model of exchange and uniaxial anisotropy.

1. Temperature dependence of the intensity

=2 (SMX SIS (S| Sfism)

Ill. EXCITATIONS RELATED TO THE ANISOTROPY:

A QUANTITATIVE COMPARISON = > (SM|S|SM'}{SM'|S|SM), 2

. . M,M’
In this last part, we focus on the observations related to

the anisotropy energy only and we show to what extent Weyhere S$=3;§'=3;S' is now the x component of
are able to interpret the observed temperature@riepen-  the total spin of the cluster. The calculation of the matrix
dences. We use the simple model of cluster with exchanggiements is then straightforward, using*=0.5(S*
and bilinear term of anisotropy, neglecting all the peculiar S, 9=(05()(S'-S) and S*|SM)=(S(S

dynamical features detailed in Sec. Il. +1)—M(M+1)3S,M+1), ST|SMy=(S(S+1)—M(M
From the general expression of the neutron scattering. 1))2S,M —1). Sin,ceM’=,M—1 we obtain

cross section® we can write
2 (SM|S{SM'WSM’|S|SM)+(SM|S'|SM'W{SM’|SY|S M)

deo B )
d0de (@) =ALVQFQI71/Z =S(S+1)-M(M+1). 3

X E(SM')—E(S,M) /KT .
expl(E( )~ E( VKT We have calculated the line shapd$w) at a constan®Q

—AYAEIA2 using Egs(1) and(3). The intensities shown in Fig. 10 as a
X;ﬁ (0a,p~Q"QYQY function of temperature are obtained by using a Gaussian
function[instead of the delta function of E¢l)] to take into
XE exdiQ(Ri—R;)] account the spectrometer resolution. The normalization of
i the Gaussiarfamplitude and linewidthis made at 1.54 K.
When the temperature increases, the general experimental

X >, (SM|SYSM')(S M'|SP|S M) tendency is of course observed. However, as mentioned in
MM’ the qualitative interpretation, one observes that the main ex-
X8 w—E(S,M)—E(SM")]. (1)  perimental peak broadens and its intensity decreasgsh

fasterwith temperature than the calculated curve, indicating
Here, A is a constanf =N(ye*2med)], with N the num-  that the energy levels are smaller than predicted. This agrees
ber of Mn;0O;, molecule$ a,8 (=x,y or z) refer to the  with recent EPR experimerfswhich are interpreted by in-
cartesian coordinatég being along the uniaxial anisotropy  troducing higher order terms in the anisotropy. This discrep-
axis), i,j run over the 12 spins of the cluster, located atancy can partly explain the difference between the energy
positionsR;, F(Q) is the form factor of Mn iongin the  barrier value extracted from the Arrhenius fawr deter-
following, the form factor of MA™ only was usej] E(S,M) mined from the resonant tunneling efféctd (A=DS?
is the energy of the magnetic cluster st@8eaM) andZ isthe =61 K, S=10) and that deduced from the lowest level at 0.3
partition function. In this expression, only transitions be-THz when using a quadratic anisotropy energy oy K).
tween values oM are consideredS keeping the values  Besides this effect, we recall that the unexpected level
=10. This assumption is clearly valid up to about 20 K, asaround 0.2 THz could play some role in the variation of the
indicated by the energy values of the excitations attributed tintensity, considering that the total magnetic intensity must
exchange. be conserved with temperature.
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FIG. 11. Scheme of couplind) of the spins of the cluster Mp
used for the calculation of the matrix elements. The local spins of
the cluster have been labeled according to the simplified drawing of
the cluster shown above the scheme. There, the spins laBgled
S,, Sg, and S, correspond to M (S,=3/2) and the remaining
spins to Mt (S,=2).
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tioned, one assumsthat the ground state and the excited
states at low enough energy correspond to spin states which
fulfill the condition

Sy 0= S34= S5.6= S7,6= 1/2. (4

This assumption corresponds to considigas infinite and to
completely disregard all the spin configurations which vio-
late Eq.(4). It greatly reduces the number of states and
makes the calculation of thermodynamical and spectroscopic
properties manageable. A unique set of exchange constants
was found which provide th§=10 state as a ground state of
the cluster and allowed to fit the susceptibility in the low

0 1 | temperature rangeAny coupling scheme other than the one

0. 0.2 03 0.4 depicted in Fig. 11 will not satisfy the conditigd) as ex-

w (THz) plained in Ref. 18.

FIG. 10. Comparison between the observed and calculated prg: Thus l_JsmIg this spin ];\ljlncfon f|8|r/ the=10 grodqlnd stlate,
files of the energy scans corresponding to the anisotropy excitationtgle matrix e ement$.ch |S| |‘TS ) were rga y C"f‘ cu-
at four temperatures. The continuous lines through the experimentifitéd through the Wigner-Eckart theorem using the irreduc-

points are guides for the eyeilentical to those of Fig.)6 The 1Dl tensor operator technigtfefor the calculation of re-
dashed lines corresponds to the calculatisee the teyt At all  duced matrix elements$(Q) is then obtained from Ed1),
temperature§ >2 K, the tail of the central peak observed below after performing an average over all tige directions with
0.2 THz (determined &2 K from the difference between the two respect to the crystallographic axis

dashed lines has been added to the calculated functions. In Fig. 5,1"(Q) is compared with the experimental data,
put in the sammélg2 units. We note that the intensity at
Q=0 is determined byS and M values only:1"(Q=0)
=2/3 [S(S+1)—M(M+1)]=13.33 (with S=10, M=9,

By contrast with the temperature dependence of the er@nd the factor 2/3 related to the average overGherienta-
ergy spectrum, th® dependence of the intensity for a given tions) anq f[herefore mdgpendent on the model. The pqsm_ons
excitation asks for the knowledge of tige=10 ground state ©f the minima and maxima are well reproduced, confirming
(eigenvaluesand eigenvectors One has to calculate the _the origin of the excitation. The discrepancy with experiment
(eSM|S|cSM") matrix elements for eacHaSM) to is mainly observed at lov®, and at the secon® modula-

|cSM') transitions between the anisotropy levels. H&re tion showing the limits of this simple model.
andM are the total spin quantum number and its component
along the quantization axis, respectivedy stays for all the
intermediate spin quantum numbers necessary to univocally The same comparison could be performed in principle
define the spin function according to the coupling scheme ofvith the “static” spin correlations in the ground state as
Fig 11. Any other coupling scheme would be equivalkgat  observed by diffraction at low temperature. We have to con-
lated by a unitary transformatignin fact, this particular one Sidera=gB=z andE(S,M)=E(S,M’) in Eq. (1), and then

is the most appropriate under the assumption of a dominarie calculate the matrix elements

antiferromagnetid,; exchange constant for the Mh—Mn**

pairs (corresponding to big-oxo bridges. As already men- ZiZmm (SMISSM')(SM'[S]|SM).

100

Neutron counts

2. Q dependence of the intensity

B. “Static” or longitudinal spin correlations
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80 . the plane perpendicular to tlzeanisotropy axis, witt8* and
S component. AQ =0, for the first excitation $*=9), Eq.
e (5) provides the same limit as the quantum calculation:
1"(Q =0)=2/3(2;S)?+(2;F)?] =2/3(S*— S*?) =13.33,
— quantum calculation where S’ is the z component of the total cluster spin. The
60 -\\ lassi , 1 comparison with the experiment is shown in Fig(dashed

~ - classical caleulation line). Although the position of minima and maxima are well

reproduced, the huge intensity obtained on the first modula-
tion peak(7.5 instead of 2.6 for the experimgrgtrongly
disagrees with the experiment. We can easily conclude that
the quantum calculation provides an important improvement
compared to the classical approximation, even for such a
large cluster. The same ‘“classical” approximation can be
also performed for calculating the “static” spin correlations
in the ground state. Putting= 8=z, and replacing the spin
operatorsS’ by vectors, we obtain after powder average

40

Ilong

20

2w T
g L GRS T O T K EELE
Q@™ ,

X +

FIG. 12. Comparison between the quantum calculation and the i:2112 SZCOS{QRi)
classical model for longitudinal correlation®"Y(Q) in ,ué/g2 '

units.

2
> S%sin(QRiﬁ )
i=1,12

Using the same approximation as for the transverse excitaFhe correspondin@ dependence is compared to the quan-

tions (J; infinite), and performing a powder average, onetum model in Fig. 12. Thes® dependences are very similar

obtains the “longitudinal” intensityl'®(Q) shown in Fig.  to those found for the “transverse” spin correlations.

12. At Q=0, 1'°"9(Q) = 2/3($%)?=66.6. We have not com-

pared quantitatively the calculation to the experimental curve

shown in Fig. 3 due to the difficulty to extract the magnetic CONCLUSION

component from the total experimental intensiffhe huge

nuclear contribution is evaluated to 90% of the total intensity We have reported the first microscopic study in zero field

atQ=0). of the mesoscopic MpO;, clusters, which is presently the

subject of an intensive research work due to its macroscopic

C. Classical approximation quantum tunneling effects, by investigating the energy range

Althouah lassical calculation of the structure is in rcorresponding to anisotropy and first exchange levels. We
nougn a classical caicu'ation of the SIUCIUTe IS INCOT gy, 1hat some excitations can be unambiguously attributed
rect since it ignores the quantum nature of the cluster groun? : )

: . : . 0 the anisotropy energy, and other ones to the intracluster
state, we can expect that it provides an interesting approxi- des. related to the formation of a lar ntum soin stat
mation in the present case due to the rather large number odes, related to the formation of a large quantum spin state

y coupling the spins of one cluster together. However,

spins involved. For instance, considering the local spins i - : )
Eq. (1) as vectors rather than operators, we replacé@ny features indicate a much more complex and rich situ-

/ , : ation in the dynamics of this system. For instance, the inten-
3 i Zuwm (SMIS|SM'){(SM'[S]|SM) by 3;;9'S" in Eq. 2 ynami Y ;
(1) (resp. fory component The spin components are de- sity of the excitations related to the anisotropy decreases
fined by a perfect ferrimagnetic arrangment which provides %a}gter than expected as temperature increases when using a
total S=10 value. Performing an average over all Qedi- |I|near form Of. the anisotropy energy. Th|s observation
rections we obtain which agrees with very recent EPR experiments performed

in high field!” can partly explains why the anisotropy barrier
o - value(61 K) deduced from relaxation properties or tunneling
|tf(Q)=1/(4W)F(Q)2f daf de sing[1—0.5 sirf(¢)]. effects is smaller than that deduced from the first observed
0 0 (5) excited staté77 K) assuming @ S? energy. A multiplicity
of exchange levels are observed in violation with the usual

2 2) neutron selection rules. However, the most intringuing fea-

> S'sin(QR)
=1,12

ture is the observation of a broad energy spectrum around 0.2
THz, therefore well below the first excited anisotropy level.
Here, 6 and ¢ are the Euler angles which define tQedirec-  This observation leads to the conclusion that there is a cou-
tion with respect to the cell axis in a single cristal. In this pling inside the Mg, cluster in addition to the direct ex-
classical approximatior§' is the projection of the spi§; in change leading to the observed high energy levels or to the

([ >, S'cogQR))
i=1,12
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