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Magnetic cluster excitations in the antiferromagnetic phase okw-MnMoO ,
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The tetramer-based compouadMnMoO, exhibits four prominent peaks in the inelastic neutron scattering
(INS) spectrum between 0.5 and 2.0 meV below 10 K. They are assigned to magnetic excitations of the
(Mn?%), rhombus shaped cluster, with resulting values of the exchange parameters.051 meV and)’
=—0.019 meV along the edges and the short diagonal, respectively. The interactions within the tetramer are
treated exactly in an isotropic quantum mechanical model leading $s-d® cluster ground state. The weaker
antiferromagnetid AFM) intercluster interactions),,= —4.5x10 2 meV, are treated in a molecular-field
model below the AFM transition temperatufg=10.7 K. INS and susceptibility are in quantitative agreement
with this approach.
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Small clusters of magnetic ions have long served as modield.® This is demonstrated here for the tetramer-based
els for a detailed study and understanding of magnetic sysvin?* compounda-MnMoO,.
tems. Several scientific developments in the past 10 years a-MnMoO, crystallizes in the monoclinic space group
have emphasized the importance and relevance of such stu@2/m and contains the tetranuclear Melusters with 2/m
ies. These include the remarkable experimental observatio€2,) Symmetry shown in Fig. 1° The clusters are com-
of quantum =0) phase transitionsand field-induced posed of edge-sharing Mpctahedra. These bridges pro-
three-dimensional3D) ordering in low-dimensional mag- vide pathways for superexchange interactions between the
netic systems such as weakly interacting antiferromagnetigPin-only S=3 Mn?* 1i7ons. A transition to 3D AFM order
(AFM) dimers like KCuC}, TICuCl;, 23 occurs atTN=10.7_K. 'I_'he magnetic structure revealed by
CUy(CsH1oN5),Cly, 46 and SrCy(BOs), (Refs. 7,8 or pov_vder neu';ron diffraction is char_acter}zgd by a ferromag-
Haldane chain systems like Ni¢B;N,),N5(PFy).>%° The netic (FM) alignment of the four spins within the pluster a_nd
key ingredients are found in the complex interplay betwee FM order of the cluster spins on the two sublattices. Neigh-
intradimer and interdimer magnetic interactions that gener; oring Mn clusters are connected by Mg@trahedra, and

ates hiahlv unusual around states and mav lead to entirelthere are eight near-neighbor clusters within shortest Mn-Mn
gniy u grounc y deparations of 5.18 A and 5.93 A, all belonging to the op-
new effects like magnetization plateads.

Another emerging field, in which chemists and physicistspOSIng spin sublattice.
are engaged in a transdisciplinary effort, is the area of mo-
lecular magnetism. In particular, spin clusters with large spin
ground states and negative axial anisotropy were found to
exhibit some outstanding properties. These so-called single-
molecule magnets show magnetization hysteresis and slow
magnetization relaxation at low temperatutgSince single-
molecule magnets occur as assemblies embedded in a crys
talline environment, there exist intermolecular interactions
which, in most cases, can be assumed to be negligibly small.
Recently, two tetrameric Mn units iiMn,O3(OSiMe;)
(OAc)3(dbm)s] were found to be AFM coupled, each acting
as a bias on its neighbor, resulting in a quantum behavior
different from that of individual single-molecule
magnets>14

Inelastic neutron scatteringNS) has proved to be a FIG. 1. Structure of the Mpcluster with the intermediate oxy-
highly potent tool in all these studies. It is unique in allowing gen atoms and the relevant distances and angles indicked.J’
the direct spectroscopic determination of intramolecular andre the exchange parameters along the edges and the short diagonal
intermolecular exchange* and anisotropy splittings in zero of the rhombus, respectively.
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In terms of the two dominant exchange interactidrand
y \ J’, along the edges and across the short diagonal of the Mn
$ rhombus, respectively, the exchange Hamiltonian for the
4 clusters can be written gsee Fig. 1

Hintra= —23(Sy- S5+ S, - S+ §2'§3"'§2'§4)_2J'§1'§(2]-_)

We couple the spins within the cluster as follovéi:f §1
+S,, $3=5,+S,, S=5,,+S;,. The use of a Heisenberg
Hamiltonian is justified by th&s =% spin-only character of
Mn?*. In the 3D AFM ordered phase, each cluster experi-
ences an internal mean fieldl,,;, generated by exchange in-
teractions between neighboring clusters via O-Mo-O bridges.

intensity (arb. units)

0.0 05 1.0 1.5 2.0 25 As a result we get the following energy eigenvalues:
energy transfer (meV) E(Si2,S34,SMs) = —~J[S(S+1) - SiASpp+ 1)
FIG. 2. INS spectra of polycrystalline-MnMoO, measured on — +DT1=JTS oS+ 1
the time-of-flight instrument FOCUS at SINQ at four temperatures. Sod Seat1)] [SiASizt 1)
N=4.75 A, sum of all scattering angles. The inelastic features | to -S(S+1)]-gugHinMs. 2

IV are discussed in the text. . N
From the parallel alignment of the cluster spins in the or-

dered phase, determined by neutron diffractibmye con-
lude thatl in Eq. (2) is dominant and positive, i.e., FM. The
interactiond’ across the short diagonal can be either FM or
AFM. For a negativel’ value the lowest energy cluster
states with increasing energy, are given by:

With respect to the magnetic interactions and excnatlon%
we thus expect an interesting situation. A very high cluster
spin S yste;= 10 resulting from the dominant FM interac-
tions within the tetramer and weaker AFM interactions be-
tween the cluster spins. The combination of bulk magnetic
measurements and spectroscopic INS results allows the de- |0):E(5,5,10,10= — 50— 12.5)" — 109 ugHn;
termination of the relevant interaction parameters. Figure 2
shows the INS spectra of polycrystallimeMnMoO, for A |1):E(5,5,10,9= —50J— 12.5) — 9gugHin:,
=4.75 A between 1.5 K and 10.7 K obtained on the time-
of-flight spectrometer FOCUS at the spallation neutron |2):E(4,5,9,9=—40J— 2.5 — 9gugHint
source SINQ, PSI Villigen, Switzerland. At 1.5 K well-
defined inelastic peaks or bands with varying widths and |3):E(5,4,9,9=—40]—12.5)" — 9gugHin:,
labeled I to IV are observed. With increasing temperature the
bands become broader, shift to lower energy, and finally |4):E(5,5,9,9=—30]—12.5)" — 9gugHip: . 3)
merge into a broad shoulder on the elastic line above
~10 K. The intensities of the four bands at 1.5 K exhibit A positive J’ value would interchange statgz) and|3)
very distinct dependencies on the modulus of the scatteringnd give equally good agreement with the experimental re-
vectorQ. These data are shown in Fig. 3 for the bands | tosults. With a MR-O;-Mn, bridging angle of 103° a negative,
IV. The band positions are independent@fwithin experi- i.e., AFM J’ value appears more reasonable, and we tenta-
mental error. tively assign the four bands |, Il, Ill, and IV in Fig. 2 to
transitions from the ground stafe) in Egs.(3) to the four
excited statefl), |2), |3) and|4), respectively. This assign-

ment is supported by considering the intensities and Qeir
e I dependencies.
g Neutron cross sections for magnetic excitations in numer-
= - ous spin clusters have been deriVéd® Well-defined selec-
g0 — F—r—— tion rules are obtained, and for the Mdusters in MnMoQ
2107 1 . v the following three cross sections fdiS;,S;,SMg) to
2 ' |S;,S5,S'M&) transitions are relevant and nonzérofor
£057 . transition Il we have
S|
0 —— —— AS=-1, AMg=—-1, AS;,=0, AS;,=—1:
0 1.013\_1 200 10 20
QA QA o F2(Q)| 1+(—1) 452 néQ Rl g2, (aa
FIG. 3. Experimental and calculatédsing Eqgs.(4)] Q depen-
dencies of the INS intensities. for transition 111
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TABLE |. Experimental and calculated INS excitation energies - =04
[Egs.(3)] and relative intensities. For the calculation of intensities 50! ?g’ 03 /\“”w....,“
Egs.(4) were integrated over the sar@range as the experimental —~ 1 5 02 IR
data and scaled to 1 for band I. The cluster ground state is 'z 40y % 0.1
|5,5,10,10. Parameter valuesl=0.051 meV,J' = —0.019 meV, g 1, = o3\
- M 30 - \ I 1 I I I 1
gpgHin=0.72 meV. BN 0 10 20 30 40 50
Band Excited StateEobs (me\/) Ecalc (me\/) Iobs Icalc \:_?20 __ == - T. ._. 9_0 ‘_(frflg.(._)’r. Te
| 55109  0.65:0.04 0.72  1.080.02 1.00 ™10 /‘”"’Jr
Il 4599 1.04+0.03 1.04 0.630.02 0.62 0_'

1] 5499 1.36+0.05 1.23 0.8%0.08 0.65 el

IV 5599  1.68-0.10 1.74  0.6%0.10 0.69 0 50 100 150 200 250 300
Temp (K)

FIG. 4. Magnetic susceptibility represented @B vs T. Dots:
experimental points. Dashed line: calculated for isolated Muas-
ters withJ=0.051 meV,J' = —0.019 meV, andy=2.0. Full line:
|Ag|2, (4b) incIuQing intercluster interactions with;,;= —4.5x 10" meV.

The inset showg vs T data below 50 K.

AS=-1, AMg=—-1, AS;,=—1, AS;,=0:

SiN(QRay)
QR4
and for transitions | and IVAS=0,—1, respectively

o FA(Q)| 1+ (—1) ASa

The dominant FMJ value is responsible for the parallel
alignment of the MA™ spins within the clusters in the or-
dered phas&’ Taking the spin of each cluster asnaac-
rospin the internal field can be expressed as follGWs:

AS=0(—-1), AMg=—1,AS;,=0, AS;,=0:

Si R — /(&

oo FZ(Q) 1+(_1)—A512 Iné(?Rlzlz)hAmZ qu‘BHint_2<SC|USteT>ZJint1 (5)
where (Syuste) =10, Jin; is the near-neighbor intercluster
parameter, and= 8 is the number of neighbors on the op-

Sin(QRgy) posite sublattice. We derive a valuel,;=—4.5
{1+ (—1) A5 OR, |A3l? X102 meV for this AFM parameter, which is about an or-
” der of magnitude smaller than the intracluster parameters, in
[ /Q 5 5 good agreement with the structure. From the molecular-field
S'”(fV Rip+ R parameters we can estimate the 3D-ordering temperaiyre
+| 4 5 AJAY ¢ . (40 usingt*
§VR§2+ R§4 S(S+1)
TN: 0.77—8\.]““ . (6)

In Egs.(4), R;j is the separation of the M ionsi andj, 3k

F(Q) is the magnetic form factor ankf! are matrix elements \we obtain a value of 11.9 K, in very good agreement with
of the form(SiZS§4S’M’S|1A'ﬁ|812$34S Mg) where'T’? is aten- the experimental y=10.7 K, see inset of Fig. 4. This con-
sor operator of rank 1 witlj=1. The expressions in square firms the validity of considering each cluster as one magnetic
brackets are so-called structure factors, which are responsibilmit with S=10 down to 1.5 K, and treating the intercluster
for the very distinct character of the various transitihs. interaction by a molecular field model. Also in agreement
The agreement between the experimental and calculated IN&ith this is the observed decrease of the excitation energies
excitation energies and intensities is shown in Table |. Calof the transitions | to IV between 1.5 K and 10.7(ee Fig.
culated and observe@ dependencies of the four transitions 2). This is a direct result of the decrease of the internal field
are shown in Fig. 3. The experimental energies and intensin this temperature range. The observed broadening of the
ties have been obtained by fitting Gaussian functions to thbands with increasing temperature is due to the population of
peaks. The best agreement is obtained with the followingxcited states, and the resulting hot transitions, which over-
parameter values:J=0.051+0.004 meV, J'=-0.019 lay with the cold ones.

+0.003 meV andgugH,;=0.72+0.04 meV. The overall In Fig. 4, we compare the experimentally observed mag-
agreement of energies, relative intensities and fQadepen-  netic susceptibility, represented g% versusT, with the cal-
dencies is good, considering the simplicity of our theoreticalculated values using the parameters derived above by INS.
approach. The deviations are due to the dispersive charact&éhe dashed curve corresponds to a situation Wji=0,

of the transitions resulting from intercluster interactions,i.e., no intercluster interactions. It shows the typical behavior
which are not explicitly considered in our model. The differ- of a ferromagnetically coupled cluster, i.e., a risey@f with

ent shapes and widths of bands |, Ill, and IV in Fig. 2, whichdecreasing temperature. This is in sharp contrast to the ex-
are up to three times larger than the instrumental resolutiorperimental data, which clearly show a drop yf with de-
reflect this energy dispersion. creasing temperature. Including the interclusigy in the
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calculation leads to the full line in Fig. 4. It is in excellent  In conclusion we have shown, using powder INS and sus-
agreement with the experimental data, considering the sinseptibility measurements, that the magnetic properties of the
plicity of the model with no adjustable parameter. Despitetetramer-based cluster-MnMoO, in the 3D AFM ordered

the fact that the dominant intracluster paramétar FM, the ~ Phase are extremely well described by considering an assem-
magnetic susceptibility above the ordering temperaturd@!y of weakly antiferromagnetically interacting Mulusters
shows the typical temperature dependence of an antiferr%—”th an S=10 cluster ground state. Several INS transitions

: elow Ty=10.7 K enable us to accurately determine both
magnetically coupled system due to the AFM nature of bot he FM interactions within the clusters and, in the mean field

J" and Jj, and to the large number=8 of near-neighbor oo,y imation, the weaker effective AFM interactions be-
clusters. We conclude that extensive AFM near-neighbor COfyeen the clusters. It is unprecedented for molecular mag-
relations between clusters persist in the paramagnetic phaggtic behavior to be observed in a three-dimensional antifer-
to temperatures well abovgy . romagnetic lattice. This demonstrates that cluster magnetic

The FM nature of the dominant interaction parameker phenomena can be observed not only in molecular materials
along the edges of the rhombus is extraordinary. In mosbut also in continuous lattices which happen to display an
insulating Mrf* and high spin F&" compounds nearest- ordered clustering of the magnetic ions.

neighbor superexchange is AFM. We ascribe the FM cou- This work was partially performed at the spallation neu-

pling in the Mn, clusters of the title compound to the par- yon source SINQ, Paul Scherrer Institut, Villigen, Switzer-
ticular bonding situation at the oxygen atom labeled i®  |and. Financial support by the Swiss National Science Foun-
Fig. 1. We note a particularly small angle of 95.7° gtfor ~ dation and the European Unior(Fifth Framework
the pathwayJ, and this is the dominant FM interaction Programme MOLNANOMAG HPRN-CT-1999-00012is
within the cluster. acknowledged.
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