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Spin dynamics and tunneling of the Néel vector in the Fg magnetic wheel
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The spin dynamics of a ring-shaped molecule comprising 1Qlitgrions (s=5/2) is studied by inelastic
neutron scattering. Exchange integrals and single-ion anisotropy parameters are determined by studying several
intermultiplet excitations. Difficulties associated with the dimension of the Hilbert space are overcome by
exploiting both the irreducible tensor operator technique and the Lanczos algorithm. By calculating the time
correlation function of the Néel vector we show that the low-temperature spin dynamics;pfsFenly
approximately described by the semiclassical picture of tunneling of the Néel vector.
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I. INTRODUCTION tween the proton nuclear spin and the electronic spins of the

Quantum effects in antiferromagnetiéF) rings formed magnetic ion_é.7 Fur_ther information on the energy splitting
from a finite number of coplanar magnetic ions were widely©f the low-lying spin levels of Fg was provided by heat
investigated during the past few years! Indeed, favorable ~capacity measurement.
conditions for the observation of mesoscopic quantum coher- Fépo recently attracted interest as a system potentially
ence are expected in these systems, where tunneling of tiglitable for observing quantum tunneling of the Neel
Néel vectorn can take place at a frequency larger than thevector™? Inelastic neutron scatteringNS) is an ideal tech-
decoherence rafe®® nigue to assess to what extent such effect characterizes the

The Feq ferric whee] [Fe(OCH,),(O,CCH,Cl)];o, is a  low-temperature spin dynamics. In fact, the measured change
typical example of a spin-compensated AF rAgfhe ten in neutron energy produced by the transition from the,Fe
Fe(lll) ions (see=5/2) form an almost coplanar ring in a ground state to the first excited spin state gives directly the
distorted octahedral coordination. With AF nearest-neighbofunneling frequency of the Néel vector. In addition, from an
coupling, the ground state is a singlet with total sgm0.  @ccurate determination of eigenstates and eigenfunctions of
Low temperature magnetization and magnetic torque medhe cluster spin Hamiltonian, the time correlation function of
surements have revealed the presence of well defined stepstBg Néel vector(n,(t)n,(0)), can be calculated.
evenly spaced magnetic field values, corresponding to level- Here we report the results of INS measurements carried
crossing condition$?-14 Theoretical studies of the low tem- out on a polycrystalline sample of fgand we discuss the
perature magnetic susceptibility of fg@re discussed in Ref. analysis of the experimental data. Energies and intensities of
15, and a detailed analysis of the magnetization curves bas@gveral excitations corresponding to transitions between
on numerical simulations, exact diagonalization and densitgero-field split spin multiplets were observed. Neutron re-
matrix renormalization group methods is given in Ref. 4. Asults are interpreted using a microscopic spin Hamiltonian
numerical study of the low-lying eigenspectrum of the ex-approach, and the dynamics of the Néel vector is analyzed.
change Hamiltonian for ferric wheels is presented in Ref. 5.
Proton nuclear magnetic resonan®MR) experiments on
powder samples have shown a strong enhancement of the
spin-lattice relaxation rat&;* corresponding to level cross- The Fgy sample was synthesized following the procedure
ing betweenS,-S and|S+1,—<S+1)) states induced by an described in Ref. 12. The molecule has an idealibag
external magnetic fieléf These effects were interpreted as asymmetry, with aCs axis passing through the inversion cen-
consequence of dipole-dipole superhyperfine couplings beer and five perpendiculaC, axes passing through pairs of

Il. EXPERIMENTAL DETAILS
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FIG. 2. (Color onling INS spectra recorded on DCS with an
incident wavelength of 7 A and the sample at 1.8ttue squares
and 5 K (red circles. Counts in individual detectors at different
scattering angles were summed before the time-of-flight to energy
conversion. The solid lines represent intensities calculated as de-
scribed in the text.

FIG. 1. Perspective view of the Rgcrystal structure. The stack-

ing of the molecules produces channels through the centers of thg:L M=+1 h f izeabl
wheels. Only Fe ions are shown for clarity. =1,M=:x1) states suggests the presence of a sizeable non-

axial term in the spin Hamiltonian.
) ) Spin excitations at higher energy were measured using an
Fe atoms related by the inversion center. The system crystalcigent wavelengthfcs A at three different temperatures, 2,
lizes in the P2/c space group [32%1'1063) A b 5and 10 K(Fig. 3. Because of the lower energy resolution
=15.9583) A, €=22.9385) A, B=97.341) at 226 Kl and i this setup, the spurious peak at 0.25 meV appears as a
the unit cell contains two kg molecules related by the;2  ghouider on the low-energy side of the peak at 0.33 meV. The
screw axis(Fig. 1 -_12 _ _ _ peak at 1.20 meV in the spectrum recordé@ & is due to

_ The _INS experiment was carried out using the time-of-3 transition from the weakly populatdB=1,M=0) state at
flight Disk Chopper SpectrometéDCS) at the National In- 9 33 meV to thdS=2) multiplet, centered at about 1.5 meV.
stitute of Standards and Technolo@yIST) Center for Neu- At 5 K the |S=1,M=+1) levels are also thermally popu-
tron Research, Gaithersburg, USA.Three grams of |ated and thdS=1,M=+1)—|S=2) transition appears at
protonated polycrystalline sample were sealed in an annulgy g mev. Finally, at 10 K the transition from th8=2) level
cylindrical Al container, ca. 6 cm in height, 2.2 cm external i the |S=3) state lying at about 3.1 meV becomes visible
diameter and 1 mm annular thickness. A standard liquidzt 1.6 meV. Thus the low-lying spin multiplets wiBr 1, 2,
helium cryostat allowed us to reach a base temperature of 18 have, to a good approximation, energies given by the
K. Data were taken at several temperatures operating DCS ingndé interval rule(see below, E(S)=2JS+1)/N, with

the “low resolution” mod& with three incident neutron N=10 and]=1.25 meV. Thel value so determined has been
wavelengthshn=2.9 A, 5 A, and 7 A corresponding to full

width at half maximum(FWHM) resolution widths for elas-

tic scattering of 500, 105, and 42V, respectively. The
measured intensities were normalized to the signal from a
vanadium sample and the standard procedure for time-of-
flight data treatment was applied using the DAVE software
package?
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IIl. EXPERIMENTAL RESULTS AND ANALYSIS

The INS response recorded with an incident neutron
wavelength of 7 A, and the sample at a temperature of 1.8 K,
is shown in Fig. 2. Magnetic excitations are observed at 0.33
meV and around 0.67 meV, where two barely resolved peaks g5 3. (Color onling Spectra recorded with=5 A and T
can be distinguished. These excitations approximately corre=, k (pjue squares 5 K (red circles, and 10 K(green triangles
spond to transitions from t&=0,M =0) ground state to the  The energy resolution is 106V at the elastic peak. Data points
first [S=1) excited state, which is split by anisotropic inter- correspond to the sum of individual detector counts over the
actions into itsM=0, M=1 andM=-1 components. We at- spanned scattering angle range. The solid lines are intensities cal-
tribute the signal at about 0.25 meV to impurities. At 5 K, theculated as described in the text. The inset shows the intensity dis-
intensities of both groups decrease, as expected for transkbution measured at 1.8 K with an incident neutron wavelength of
tions arising from the ground state. The splitting of e 2.9 A.

0.0 0.5 1.0 15 2.0
Energy Transfer (meV)
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used as starting point in the fitting procedure of the wholeprocedure is much smaller than experimental uncertainty.
data set. The lowest energy levels of the Heisenberg part of the
The spectrum recorded a&f=1.8 K with A=2.9 A is  Hamiltonian are shown in Fig. 4. The energy of the lowest
shown in the inset of Fig. 3. Because of the INS selectiorlevel for each value o almost exactly follows the rotational
rules,AS=0, =1, the neutron group around 4 meV must cor-(“L”) band behaviot??® E(S=A S(S+1), with A_
respond to a transition from thi=0) ground state tdS  ~0.25 meV. These levels belong to tke0 or k=7 irreps
=0) or |S=1) excited states not belonging to the Landé bandof the discrete translation group. A second group of parabolic
Indeed, the diagonalization of the exchange Hamiltonian albands
lows us to identify this broad peak with transitions toward (“E bands?) is visible above the rotational band. These lev-
four, almost degeneratgs=1) multiplets. els belong to the&k# 0, = irreps of the discrete translation
The experimental data were interpreted assuming that thgroup. TheL andE bands reflect the fact that at low energy
cluster spin system can be described by the Hamiltonian the exchange Hamiltonian can be approximated by a two-
10 10 1 10 sublattice Hamiltonian< Serr Soqe Where Seved Soqd is the
= g _Za(s 2 total spin of even(odd sites?* The rotational character of
" Jgi S St dz {Sg' SS(S * 1)] v egi [é" i'] theL-band excitations can also be understood by considering
10 10 tk;at if the ﬁpins in the rti)ng have Inearly staﬁge(etée?
alignment the AF Heisenberg Hamiltonian with uniaxial an-
+ 2 5-Dj5+guB- 2. @) isotropy can be semiclassically mapped to

i<j=1 i=1
; ; —c i ; ; 2]
The first term, withs;1=s, is the isotropic, nearest- Ho = =S+ gugB -S+Ndr§, (2)
neighbor Heisenberg exchange interaction. The second and N

third terms describe the axial and rhombic parts of the local . . . .
. ) : . whereN is the number of spin centers in the rirgsS.en

crystal-field (CF) interaction, and the fourth term is the +S,4 is the total spin anth=(SurSee/N is the l\(iéeel

dipole-dipole intracluster interaction, which is evaluated Otdd FB=0 ddeo H a e"?g Odm 3) riaid rot

within the point-dipole approximation. Theaxis is normal V?]C or. b= aln - e] gt 19/3,3” es ard(3) rigid rotor,

to the plane of the ring. Fourth-order local anisotropy termgVOS€ eigenvalues ar '3 +DIN. )

have no appreciable effect on the calculated INS intensities 1€ INS cross s%ctlon for a polycrystalline sample of

and are therefore neglected. magnetic molecules

Sinces=5/2, thetotal dimension of the Hilbert space is Po A k e PEn
. - f —2w
very large,(25+1)1°=60466176, and this prevents a full ex- ~ —o~""= N_k_oe > Z I (Q) 8w = By + Ey),
act diagonalization of the Hamiltonian. The Heisenberg con- m nn’
tribution is dominant and antiferromagnetic. Hence, as a first (3)

approximation, the energy spectrum is characterized by a . . ,
series of level multiplets with an almost definite value of theWheréA=0.29 barn and the functioyy (Q) is defined a&
total spin quantum numbes. Therefore, in the first step of . 2 _

our procedure only the first term in E(L) was considered.  Inw(Q) = 2 Fi (Q)Fj(Q){g[jO(QRj) + Cg]z(QR‘;)Eziszj

By exploiting the rotational invariance of the isotropic ex- bl

change interaction, the Hamiltonian matrix was block- 2| 1, o
factorized according t&. This can be effectively done by *3 jo(QRy) = Ecolz(QRj) 53 53,

using irreducible tensor operatail§O) algebra, and writing
the spin stategn) as linear combinations of basis vectors

1
~ . +Zj,(QR)[C2(E,3, -5,3,) + C2,(3,5, +35,3,
[(S9SM) labelled by the set of intermediate spin stai®s A ZJz(QRJ)[ 2@’(‘8’(1 Syisyj) 2@('3)’1 sy'%(l)]

further factorization was achieved by building basis states

belonging to irreducible representatiotisreps of the C, +j2(QF§j)[C"{(§Zi"§5<J_ +~s<i~szj)+C§1(§Zi"éyj +§yi§zj)] .
point group, as the exploitation of the full symmetry of the

Heisenberg Hamiltonian turned out to be more cumbersome (4)

to treat numerically. Even in this way the dimensions of them the above equatior.. is the number of magnetic iong
diagonal blocks remain too lardef the order of 200000to . d m g ’

perform a full standard diagonalization. Therefore, we use ;hsecgt?;'gg r;rf]lénicr;[é?ggtar,ldulfr%g;e(@ay\the /)W%Vteh;/ett):;%rse?f
the Lanczos method to calculate the lowest eight states i ' y

each subspace, i.e., for each valuesatnd for each irrep of aller factor,Q;kO—kf is the 'scattering veptoEn is the
C,. By using the Lanczos method in combination with the ENEray of the spln.stad(a),.l:_(Q) IS _the_ mag_nenc form factor,
ITO formalism (which was needed to exploit the conserva-Ri 9ives the relative position of ionisandj,

tion of the total spih we managed to include a number of , 1 Ry, 2

excited states sufficient to interpret INS results at nonzero =53 R~ 1],

temperature. In the second step of our calculation, the aniso- )

tropic part of the spin Hamiltonian and the associated > 2

Smixing effects were included by using the procedure de- C2= R ~ Ry

scribed in Refs. 8 and 21. The error associated with this 2, ’
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FIG. 4. Lowest energy multiplets of the Heisenberg part of the |G, 5. Neutron scattering intensities for the transit|&s0)
Hamiltonian as a function of the total sp# —|S=1) at 4 meV, as a function of the transferred wave vector
Q(\=2.9 A). The line is the corresponding calculated intensity.
) RixRi The inset shows th&® dependence of thgs=0,M=0)—[S=1,M
C2,=2—151 =0) transition at 0.33 meVopen circles and dashed linand |S
Rij =0,M=0)—|S=1,M=+1) transition at 0.67 meMsquares and
solid line; (\=5 A).

C2 — Ri‘xRi‘z
! Rﬁ ’ represented by the parametkiis about 30% of the total, the
dominant contribution being determined by the dipole-dipole
, _RiRi interactions. For a realistic modelling of disorder one should
Ci= —UTL (5) include the distribution of dipole-dipole interaction strengths
Ri produced by local strains. We have instead chosen to mimic
and the latter by a wider distribution of CF parameters for the
sake of simplicity, since this choice turns out to work very
”sai"syj =<n|sai|n’><n’|syj|n> (a,y=%Y,2). (6)  well and it does not affect the mean values of the best-fit
arameters.

A best fit of the measured neutron spectra based on cal- Equation(3) has also been used to evaluate @iéepen-
culations of Eq.(3) enables the parameters of the spingence of the transition intensities obtained from groups of
Hamiltonian to be determined. The analysis is here compligetectors after normalization for efficiency and geometrical
cated by the fact that even at low temperature the INS speGzariations. The experimental data for selected transitions are
tra show a broadening of the inelastic features, Whosghown in Fig. 5 together with the calculated curves. The
FWHM is about twice as large as the instrument resolutiongood agreement between calculation and experiment con-

This broadening is.mo_st probably a consequence of struGiyms the proposed spectroscopic assignment.
tural disorder resulting in a spread of the anisotropy param-

eters throughout the sample. To account for this effect in the

simplest possible way, the CF parametdrand e [cf. Eq. IV. DYNAMICS OF THE NEEL VECTOR

(1)] were allowed to vary within a finite interval assuming

Gaussian distributions of values. These distributions were The low-T, low-frequency spin dynamics of kgcan be
then used to obtain a weighted average of the INS spectr@xpressed in terms of the dynamics of the Néel ventoy
calculated for different sets of parameters, assuming resoland the total spir§(t).® In fact, since low-energy states be-
tion limited linewidths for each set. The best fit of the ex-long to either thek=0 or the k=7 irreps of the discrete
perimental datdsolid lines in Figs. 2 and)3ds obtained for a  translation group of the ring, at low the low-frequency
nearest-neighbor exchange integdat1.23 meV, an axial spectrum of the various dynamical spin correlations is solely
anisotropy parameter with mean valde-5 peV and stan- determined by the dynamical structure factorsSaindn.

dard deviationoy=0.25ueV, and a rhombic anisotropy pa-  The most interesting aspect of the dynamics gffethe
rameter with mean value=3.6 ueV and standard deviation possible occurrence of tunneling of the direction rof36
o.=1.8 ueV. An almost equivalent fit is obtained assuming This is the AF counterpart of the tunneling of the magneti-
the values ofd quoted above and values efapproximately  zation (S, in the present notatiorobserved in nanomagnets
halved. There are in fact two sources of axial and in-plande.g., Mn, or Fg). For the latter the tunneling time is mac-
anisotropies, namely crystal field and dipole-dipole interactoscopic, and so long that the time autocorrelatiorsolbe-
tions. While the sign of the axial anisotropy can be deduceadomes overdamped due to dissipation into the nuclear-spins
from the measured spectra, no information can be extracteslibsystem. Thus the temporal oscillationsSfassociated
about the sign of the in-plane anisotropy. Hence, once thwith coherent tunneling do not actually take place. On the
dipole-dipole contribution is calculated in the point-dipole contrary, the time scale of the tunneling mfin AF rings is
approximation, there are two possible choicesdftitting the ~ microscopic, and much shorter than the decoherence time
spectra equally well. We remark that the CF axial anisotropyassociated with spin-nuclei or spin-phonon interactions.
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FIG. 6. Classical energl(60, ¢) as a function
of the direction(0, ¢) of the spin of one sublat-
tice in the presence of an external magnetic field
B=6.6 T applied along th& direction(see texk

Within the semiclassical framework of E), the condi- The quantum behavior of the model is very different from
tion for the occurrence of a tunneling regime is that the tunthe classical one. Figure 7 shows the energy levels of the
nel actionS,=Nsy-2d/J be much larger than unifyWith Hamiltonian Eq.(1) as a function oB. The ground statéd)
this condition, the orientation of the vector tunnels be- is nondegenerate, except at level-crossing fields. Since the
tween #£. The estimate for the tunnel action in,fébased observablen does not commute withl, it experiences quan-
on torque measurements resyltsas S,=3.3+% making this  tum fluctuations that are described by fie0 autocorrela-
ring one of the most promising candidates for the tunnelingion functions$
to be observed. Our neutron scattering results showSist ,
even larger, i.eSq~4.2. In order to magtch the semmsical (n,(ON,(0)) = X &> [(vn,JO)2, (8)
description, in calculating, we considered a model Hamil- .
tonian given by Eq(1), simplified by assuming single-site where|v) is thevth spin level A,=E(v)-E(0) anda=X, y,z
axial anisotropy only, but with a larger value of the axial Hence, in principle many different frequencies may contrib-
parameter,d =3.450=-17 ueV.2” The previous underesti- ute to the Néel-vector dynamics.

mate of Sy was due to both an overestimation dfand an The spectral weighf(1/n,|0)[2, corresponding to the low-
underestimation ofl*. Indeed, the parameters used in Ref. 4gst frequency\,, is calculated as a function & and com-
areJ=1.34 meV andd =-12 ueV. pared in Fig. 8) with the sum of all remaining higher-

In order to illustrate the classical situation, we considerfrequency weightsW,.,==,.,[(+|n,J0)[2 The dynamics of
the classical version of the model Hamiltonian given by Eq.the Néel vector is characterized by single-frequency oscilla-
(1).2” The magnetic field is applied along th& direction.  ions only for B values corresponding to vanishingly small
Figure 6 shows the energy surfaEef, ¢) as a function of \y _. This situation occurs foB=0 and forB values which
the direction(#, ¢) of the spin of one sublattice. For any are intermediate between two consecutive ground-state
value of (#,¢) the orientation of the second sublattice is crossing fieldd(i.e., corresponding tanticrossings between
determined by minimizing the classical energy. Classicallythe first and second excited stgteas can be immediately
there are two equivalent minima i&(6, ¢), which corre-
spond to swapping the two sublattices. These minima are
separated by an energy barrieréat /2, whose height and
shape can be modulated by varying the field interBit{For

B=0 the minima are at=0 and 6=, the barrier is atd s
=/2 and its height is independent of the valuedfFor £
B+ 0 canting along occurs, the minima are displaced from B
0=0, 7 and there are saddle pointsét /2 and¢# 0. The :ﬁ’
height of the energy barrier is
2
e Nd*(—(gf 88" _ 32) . (7) 0
160% - 8Jd 0 6 9 15
Magnetic Fisld (T)
This givesU=1.078 meV forB=0 andU=1.074 meV for
B=6.6 T. Hence, afT=0, n is fixed at one of the two FIG. 7. Energy levels of the Hamiltonian Ed,) as a function of
minima. an external magnetic fielB applied along the& direction.
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FIG. 9. (Color onling |{1|n,|0)|? (black compared with the cor-
- responding tunneling limi(dashed redas a function ofi/J for an
:5,1'5 I A S - eight sitess=5/2 ring (with B=0). In-plane and dipolar anisotro-
2 pies are neglected. The arrow indicates dfé ratio corresponding
gto - to CsFg (Ref. 10.
Q.
No5 s tosed
-mixing foced to sro . L
9 INS data permit a complete determination of the autocor-
00y s . s m 5 relation ofn,~ [(0|n,|1)|%exp(—iA t/#). In fact, both the tun-
Magnetic Field (T) neling frequencyi.e., the INS peak positigrand the matrix

element(0|n,/1) can be extracted from the data. The latter
can be obtained by the intensity of the lowest INS peak mea-
; the full Hamiltonian Ea(D). Th tic field is oriented sured in absolute units, or else by the ratio of the intensities
rom the full Hamiltonian Eq.(1). The magnetic field is oriented ¢ 40 1y Jowest INS peaks. We followed the second way,
alongX. (lower panel The same quantities calculated witmixing L . .
forced 1o zero. taking into account the sample inhomogeneity by a proper
model (see above We obtain(0|n,1)=1.6 for the ideal ho-
verified by inspection of Fig. 7. Similar results were obtainedmogeneous Rg molecule. Because of the high spatial sym-
for Fe; and Fgin Ref. 6. Hence, at these particular values of metry of ideal ring molecules, the momentum transf@y
B (includingB=0), the autocorrelation af, oscillates with @ yenendence of the powder INS intensity can be calculated
glngle llireclﬁen%. Sllnce_thlls single ;reguzr(go.%\,)mti\'l analytically?> and it is completely specified by the difference
'S smatler than the classical energy barfteiL. U/ mey, this = 4 4 the ring wave vectok of the two states involved in the

situation recalls the semiclassical image of tunneling,of s
For B=0, the existence of a single dominating frequencleS transition. Hence, the structure factor of the INS peak

in the dynamics ofn, can be understood on the basis of corresponding to the transition between the tunnel-split dou-
general considerations on AF bipartite rings. In fact, in smallPlet should follow the behavior expected fak=. This is
rings of this type, the exchange part of the Hamiltonian carfonfirmed by our data and calculations reported in Fig. 5.
be approximated by a 2-sublattice HamiltoniaBe,er Soqe Although in Feg, the semiclassical criterion for the valid-
Alocal spin operatos;, being of rank 1, connects the ground ity of the tunneling picture is approximately fulfillgéh fact
state only with states having total spB=1. In addition, the tunnel action isS,=4.2), the actual validity of this pic-

within the 2-sublattice approximation, theSeéL4 states must  ture can be directly assessed by using the measured intensity
belong to either the Landé band or theband=* This holds  of the lowest INS peaks to extract the spectral weight
for n too, since this observable is a linear combination °f|<o|n I1)[2. In the ideal tunneling scenario, in which the

z . )

local spin operators. In additiom, has a well-defined wave two states involved in the transition are even and odd com-
vector k=7, and therefore it only connects states whose

wave vectors differ byr. As a result, matrix element§|n|v) bln?_tmns of the classical ~Neéel states(ie.,

are appreciable only ifv) belongs to théS=1) multiplet of 21, 11 ’é">i|l 1.1,...)), the squared mgtnx ele-
the Landé band. AB=0 biaxial anisotropy splits thigs ~ Ment (0In,|1)[? should be equal t®?=6.25. This value
=1) multiplet into a singlet and a quasidoublet. The matrixwould be obtained in the limit N°d>J. In Fe, the maxi-
element(0|n,|v) is nonzero wheny) is the singletS=1,M  mum of[(0|n1)|? varies between about 2.6 and 3s2e Fig.
=0), whilst (0|n,,|v) are nonzero whefw) is one specific 8), so that an ideal tunneling scenario is not achieved. This is
state of the doublet(|S=1,M=1)%|S=1,M =_1>)/\;’§_ also the case for the Cs§Bng, which has been reported to
Hence, in a bipartite AF ring, the autocorrelation function ofPe one of the best candidate molecules for the tunneling re-
all three components af is expected to be characterized by gime to occuf’ Indeed, although the tunnel action of Cgke

a single dominating frequency &=0 but, as we will see

below, this condition is not sufficient for a tunnelling picture

to apply.

FIG. 8. (Color onling (Upper panelMagnetic-field dependence
of |(1|n,|0)|? (black compared with2,.4|{¥|n,|0)|? (red), calculated
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large, Sp=4.6° the value of|(0|n,J1)|? for this system is
much closer to the isotropic lim{l=0) than to the tunneling
limit. This can be readily appreciated from Fig. 9, where
[<0|n,|1)|? is shown as a function of the ratid/J for an
octanuclears=5/2 regular ring. In spite of the fact that the

PHYSICAL REVIEW B 71, 184405(2005

V. CONCLUSIONS

The spin dynamics of the fFgwheel was investigated by
inelastic neutron scattering, and analyzed using a micro-
scopic model. Difficulties related with the dimension of the
Hilbert space were overcome by exploiting both the irreduc-

semiclassical picture for the tunneling states is not quantitaible tensor operator technique and the Lanczos algorithm.

tively correct, for appropriate values of the applied fight
cluding B=0) the autocorrelation af remains nearly mono-
chromatic.

Intracluster dipolar interactions are found to be the main
source of axial anisotropy, providing about 70% of the total
anisotropy. Fg, was proposed as one of the best candidate

Classical tunneling states are recovered for large values glystems to observe tunneling of the Néel vector. Our results

d, and imply a large degree &mixing. Even for values of

d close to the one we find for g S mixing plays an im-
portant role. First of all, aB=0 it increases the weight
[<0|n,|1)|?> by about 30%. This is reflected directly in the
relative intensity of the three lowe$s=0)—|S=1) transi-
tions: while the transition probability of the lower-lying
=0)—|S=1,M=0) transition is increased by about 30%, the

two others are decreased by about 14%. More remarkably,

for B+ 0 Smixing produces the single-frequency behavior in
between level crossings seen in Figa)8 In fact, whenS
mixing is artificially suppressed, the autocorrelationngfis
not characterized by a single-frequency any nisex Fig. 8
(lower panel].

allow us to directly probe the zero-field autocorrelation of
the Néel vector, and show that a tunneling scenario for this
quantity is only approximately valid. In addition, the remark-
able role ofS mixing in the Néel vector dynamics was dem-
onstrated.
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