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Neutron spectroscopy has been used to observe transitions between the energy levels for the 21
different orientations of the&S = 10 spin ground state of an octanuclear iron molecular clugtey)
exhibiting quantum tunneling of the magnetization. The results obtained on nondeuterated samples
provide the first direct measurement of the zero-field splitting in a large cluster nanomagnet. A reliable
and accurate determination of the composition of the cluster’'s spin wave functions and the spin-
Hamiltonian parameters are deduced from the experimental observations, giving crucial information
for the study of the macroscopic quantum tunneling process. [S0031-9007(98)07673-X]

PACS numbers: 75.50.Tt, 75.10.Jm, 75.40.Gb, 75.45.+]

Molecular clusters composed by a large number oWwith zero external magnetic field, the spin Hamiltonian is
strongly interacting metal ions have been of growing sciendefined by a single anisotropy parameferand depends
tific interest as models of nanometer-sized single-domaion the spin projection along, H = DS?. However, for
magnetic particles with high spin ground state [1]. Com-QTM to be allowed, the rotational symmetry about the
pared to conventional nanomagnets obtained by sputteaxis must be broken by fourth-order spin terms, which do
ing, wet precipitation synthesis, or ball milling of bulk not commute withS, [7—9]. In general, theories of QTM
magnetic materials, the molecular systems offer the advamepend critically on the knowledge of the anisotropy pa-
tage of being formed by identical particles, whose structureameters, whose precise determination requires a suitable
can be precisely determined by diffraction measurement&xperimental technique.

Moreover, diluted systems characterized by a very weak Recently, high-frequency electron paramagnetic reso-
cluster-cluster interaction (typically of the order of a few nance (EPR) was used to determine the spin Hamiltonian
peV) can be easily prepared [2]. Ensembles of weakly infor Mn12ac [10], a molecular cluster for which resonant
teracting magnetic clusters with large Ising-type anisotropyQTM was observed below 2 K [3,4]. The analysis of EPR
appeared to be very promising for the observation of mescspectra taken in magnetic fields up to 25 T proved the pres-
scopic quantum coherence. It has recently been realizezhce of fourth-order spin terms, which in Mn12ac are re-
that the cluster magnetization can tunnel coherently besponsible for the transverse magnetic anisotropy and the
tween the two opposite directions corresponding to the paioccurrence of QTM. In EPR measurements, however, the
of degenerate potential wells created by the anisotropy barero-field-splitting terms in the Hamiltonian are deduced
rier [3,4]. Such a phenomenon provides the signature dirom their effect on the level scheme in the presence of a
quantum behavior in mesoscopic systems and is of greatrong magnetic field, and the data interpretation requires
relevance not only from a fundamental point of view, butcomplementary assumptions on the parameters defining the
also because it may prove to have important technicaleeman term. Inelastic neutron scattering (INS) is particu-
applications [5,6]. larly appealing under this respect, because it can in prin-

Knowledge of the magnetic anisotropy of the clusters iciple give a detailed picture of the low lying energy levels
central to our understanding of the conditions under whicHrom a straightforward analysis of spectra taken with zero
the quantum tunneling of the magnetization (QTM) canmagnetic field.
occur. In the presence of uniaxial anisotropy, the spectral In this Letter we report the results of high resolution
energy of a cluster depends on the orientation of the spifNS experiments which give directly the anisotropy split-
S relative to its symmetry axis;. In the simplest case, ting of theS = 10 spin ground state in an octanuclear iron
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molecular clusteFe&) where the existence of QTM has the scattering angle range betweer? ahd 128.7. The
been clearly established [11]. The system investigated isignals from the individual detectors are sorted according
[F&O,(OH)x(tacns B+, where tacn is the organic ligand to time of flight and added up. The maximum value for the
triazacyclononane [1]. The cluster of 8 F@(ions has scattering vector wagmax = 1.28 A~!, and the neutron
the two-dimensional structure shown in Fig. 1 and is charflux at the sample was aboitx 103 s !.
acterized by an overall symmetiy,. The four ions in Magnetization, susceptibility, and high frequency EPR
the middle of the molecule are in the so-called butterflymeasurements show that the spin ground state of the Fe
arrangement, which can be considered as the first step toluster isS = 10, arising from competing antiferromag-
ward the formation of a triangular planar lattice. Hydroxonetic interactions between th&. = 5/2 spins of the
bridges connect the central motif to the four peripheralFe(il) centers [12]. The EPR spectra have been interpreted
Fe(il) ions, while the organic ligands prevent the growthby a zero-field spin Hamiltonia = DS? + E(S? —
of the iron hydroxide. $?), with an axial termD = —23.7 ueV and a rhom-
The inelastic neutron scattering experiments were perbic parameteE = —4 peV [12]. With this Hamiltonian,
formed with the high energy resolution multichopper time-the components of the ground manifold at the bottom of
of-flight spectrometer IN5, at the Institute Laue Langevin,the anisotropy potential wells would mainly b& = *=10
in Grenoble, France. Because of the large scattering crossates, followed by th&f = *+9 levels at abou#43 ueV.
section of hydrogen and the associated unwanted incohe®n approaching the top of the anisotropy barrier, the mix-
ent scattering and multiple scattering, it is often found to beng of states with differend becomes more and more ef-
convenient for experimental reasons to replace hydrogefective due to the nondiagonal terms in the Hamiltonian.
by deuterium, which has a much lower cross section. We The neutron experiments confirm that the above pic-
have, instead, used a thin sample consisting of two grantsire is essentially correct, except for several modifications
of a nondeuterated powder which was encapsulated in as discussed below. As shown in Fig. 2, the scattering
aluminum can and put into a standard liquid He cryostatcross section measured for the sample at 1.3 K exhibits
Because of the enormous amount of hydrogen present i single excitation a#65 ueV. At such a low tempera-
the investigated system, the quality of the magnetic spectrare the excited states are not populated, and the only
provided by the experiment is quite astonishing. allowed dipolar transition (with selection rul&M = 0
Data were collected at temperatures between 1 andr 1) is that between théS = 10; M = *=10) and the
10 K, using an incident neutron energy of 1.01 meV,|S = 10;M = *9) levels. However, on increasing the
corresponding to a resolution P peV at zero energy temperature the excited levels become populated progres-
transfer(1 eV = 1.6 X 107! J). The scattered neutrons sively and transitions between them can be observed, of-
are counted by an array of 1068le detectors spanning fering the possibility of studying the details of the spin
Hamiltonian. The results are shown in Fig. 3 where the in-
tensity distribution measured at 4.8 and 9.6 K is reported.
Peaks on the positive energy-transfer side are due to transi-
tions from lower to higher energy states; the corresponding
deexcitation peaks appear on the negative energy-transfer
side of the spectrum. We find that the simple Hamilton-
ian used for the interpretation of the EPR response [12]
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FIG. 1. The structure ofFgO,(OH)y(tacns**. The large Energy Transfer (meV)

empty circles represent iron atoms, full circles are oxygen

atoms, hatched circles are nitrogen, and small empty circleEIG. 2. Inelastic neutron scattering spectrum measured at
are carbon atoms. The spin structure of the= 10 ground 7 = 1.3 K, with an incident energy of 1.01 meV. The energy
state is illustrated by the arrows. transfer resolution i49 eV at the elastic line.
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20T T The matrix elements and the energies can be obtained by
- I diagonalization of the spin Hamiltonian [14]
€151 Hs = D[S? — S(S + 1)/3] + E(s? - §?)
g 10: + D'OYS) + E'02(S) + CO4(S),  (3)
=10k
=~ I where the fourth-order spin operators are defined as
> -
® 5[ 03(S) = 358 — [30S(S + 1) — 25]S?
e I — 65(S + 1) + 35%(S + 1),
- 11 I 111 I 1.1 1 | 1 1 1 ] 1

0 A2 _ l 2 _ 2 2

16 LI I B O M M B L I B 04(5) 4 {[7SZ S(S + 1) 5] (S+ + Si) (4)

+ (8% + S2)[782 — S(S + 1) — 51},
O(s) = %(51 L8t

The position of the peaks in the INS cross section gives
a direct measurement of the eigenvalues of the spin Hamil-
tonian, and their intensities provide information about the
wave functions through the matrix elementsof In prin-
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0 ciple, the parameters of the Hamiltonian can be determined
-0.6 -0.4-0.2 0 0.2 0.4 0.6 from the experimental data by a least-squares fit procedure.
Energy Transfer (meV) In the first step of this procedure only the second-order

FIG. 3. Inelastic neutron scattering spectrum measured terms were considered. We found that the best fit value of

T =48K and T = 9.6 K. The empty can signal has been the aial parameted = —25.2(2) ueV is 6% larger than

subtracted. the EPR value quoted in [12], while the rhombic parame-
ter E = —4.02(3) neV remains unchanged. With these
parameters, however, it was impossible to account at the

does not give a sufficiently accurate reproduction of the obsame time for the exact position of the high energy sharp
served spectrum and further symmetry-allowed terms mugtéaks and the low energy part of the experimental spec-
be added. The width of the observed excitations is resdfum, which is characterized by broad unresolved peaks.
lution limited, and no information on the relaxation rate is By allowing for a simultaneous variation of all the parame-
obtained from the present experiment_ ters in (3), we found that the best-fit values bf and
In the dipole approximation, the magnetic scatteringE did not change within the errors, while for the fourth-
functionS(Q, fiw) for unpolarized neutrons can be written order parameters we obtainBd = 0.87(6) X 107* ueV,
as [13] E' = 0.1(1) X 107 ueV,andC = 7.4(6) X 10™* ueV.
With these parameters, the height of the barrier for the re-

N 2,0 ) orientation of the magnetizationis’k = 32.8(1) K, to be
$(Q.hiw) = - (gnre) f(Q)g) compared with the value of 24.5 K obtained from magnetic
ac susceptibility measurements [11].
X ZpinISlIi)IzP(hw —ApTr), () Figure 4 shows that the agreement between calculation
if and experiment is very good, both for the position and the

] intensity of the peaks. In the excitation part, the calcu-
where(gyr,.)* = 0.29 barysr, /iw is the neutron energy |ated intensity of the peak at 0.17 meV is lower than the
transfer, n) are spin eigenstates with energi€s and  experimental one, whereas the agreement is good for the
thermal occupation probabilities, = exp(—E,/ksT)/  corresponding peak at negative energy transfer. This is
2, exp(—E,/ksT), Ay = Ep — E;, S1 is the spin com-  gimost certainly due to a spurious signal originated by the
ponent perpendicular to the neutron scattering vVeQOr - detector electronics. Also, the excitation at 0.074 meV ap-
andP(iw — A, I'y;) is the line shape for a peak of full pears to be more intense than calculated, probably because
width at half maximuml’s; and energy transfer centered of the overlap with the tail of the very strong elastic peak,

atAy;. Fora polycrystalline sample, itis as confirmed by a preliminary scan with even higher en-
| ergy resolution.

KAIS LID? = — QUFIS D + KFIS<1id]? The spectral energy region below about 0.3 meV (and

3 in particular the interval 0.2—-0.3 meV) presents more

+ |(FIS=1D)). (2) complex features than the higher energy one. This is
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aétates (within 0.01 meV); the main transitions allowed in the
e

FIG. 4. Inelastic neutron scattering spectrum measured ai. o L
ipole approximation are indicated by arrows.

9.6 K. The smooth line is the theoretical spectrum for th
Hamiltonian given by Eq. (3), with the parameters quoted in

the text. The individual excitations are represented by Gaussiafig| and confirm if the above difference is a characteristic
line shapes. of systems exhibiting QTM. Moreover, it has been shown
that the INS spectrum is sensitive to the higher order pa-

due to the mixing of thésM) states by the nondiagonal rameters_, which in tnis way can b(_e accurately determined
terms in the spin Hamiltonian, which is very effective for In Zero field. This is particularly important for systems
IM| = 6. As appears from Fig. 5, the scattered intensit},\Nl‘Fh axial anlscltropy,4wnere the fo-dlagonal fourth-qrder
in this energy range is due to the superposition of severalPin operato(s=. + S2) is essential to induce tunneling,
very close transitions between the mixed wave functions?€ing the only term in the spin Hamiltonian which con-
having nonzero matrix elements of comparable magnitudéfiPutes to the in-plane magnetic anisotropy.
As a consequence, the shape of the peaks is very sensitive
to small variations of the spin Hamiltonian coefficients.
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