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Magnetic anisotropy of Fe6 and Fe10 molecular rings by cantilever torque magnetometry
in high magnetic fields
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We studied the magnetic anisotropy of two molecular magnets, Fe6 and Fe10, which comprise six- and
ten-membered rings of antiferromagnetically coupled iron~III ! ions (Si5

5
2 ), respectively. Spin-flip transitions

induced by the applied magnetic field~up to 23 T! were investigated by cantilever torque magnetometry on
microgram single crystals at very low temperature~down to 0.45 K!. From the sharp, steplike variations of
magnetic anisotropy at the transition fields, we determined the singlet-triplet energy gap (D1) and the axial
zero-field splitting parameter (D1) for the triplet state of Fe6 @D1515.28(1) cm21, D154.32(3) cm21# and
Fe10 @D154.479(4) cm21, D152.24(2) cm21#. By analyzing the additional steps observed in the Fe10 sample,
we evaluated theDS and DS parameters for the total-spin multiplets withS up to 5. On the basis of our
findings, we discuss the origin of magnetic anisotropy in iron~III ! rings and the application of torque magne-
tometry to the study of field induced level crossing in molecular magnets.@S0163-1829~99!01041-3#
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I. INTRODUCTION

Mesoscopic magnetic systems are attracting increasing
terest since they provide the possibility to observe quan
size effects on a macroscopic scale.1,2 Large magnetic clus-
ters can now be synthesized in bulk quantities by chem
techniques and arranged in a crystal lattice, so that each
stituent magnetic object has perfectly defined size
structure.2 Major achievements in this field have been t
observation of quantum tunneling of the magnetization
single-molecule superparamagnets3 and quantum steps of th
magnetization in molecular antiferromagnetic rings.1,2,4,5

Considerable attention has been focused on the coexist
of classical and quantum effects in large magnetic rings,
cause the physical properties of a ring are expected to gr
ally evolve toward those of an infinite chain as the numbe
interacting spins~N! increases.

In this respect, two high-symmetry iron~III ! rings, Fe6
and Fe10, have been investigated by several different te
niques, such as magnetization4,5 and specific-heat6 measure-
ments, Mössbauer spectroscopy,7 and nuclear magnetic
resonance.8,9 In low magnetic fields Fe6 and Fe10 have a
nonmagneticS50 ground state due to dominant antiferr
magnetic Heisenberg interactions:

HH5J(
i 51

N

Si•Si 11 ~1!

with J519.9 and 9.6 cm21 in the two compounds
respectively.4,5 As observed in infinite chains, these syste
are characterized by a critical slowing down of electron-s
PRB 600163-1829/99/60~17!/12177~7!/$15.00
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fluctuations at temperatures close toJ/kB .8 However, quan-
tum size effects are manifest in the regular staircase struc
of magnetization curves measured atT,1 K as a function of
magnetic field. The origin of the steps and their differe
field spacing in the two compounds~16.4 and 4.7 T,
respectively!4,5 are reasonably well understood in terms
spin-flip transitions induced by the applied magnetic fie
~see Appendix!.

Although non-Heisenberg terms are generally assume
be distinctly smaller than the dominant exchange Ham
tonian ~1!, recent theoretical investigations on the spin d
namics of Fe6 and Fe10 clusters have evidenced a subtle i
terplay between finite size effects and non-Heisenb
interactions.1,7,9

For this reason, we undertook a detailed investigation
magnetic anisotropy on single-crystal samples of Fe6 and
Fe10 by using high-field torque magnetometry. Torque ma
netometry with its many variations~critical-couple or flip-
angle method, null-deflection,10 and cantilever methods11!
was one of the first techniques developed for measu
magnetic anisotropy. Suitably coupled with an average s
ceptibility measurement, it has been widely used for the
termination of principal susceptibilities in simpl
paramagnets,10,12 but high-field applications have been d
veloped only recently.11 The torqueT experienced by a mag
netically anisotropic substance in a uniform magnetic fieldB
is given by10

T5M3B, ~2!
12 177 ©1999 The American Physical Society
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where M is the magnetization of the sample.T vanishes
when the magnetic field is applied along one of the princi
directionsx,y,zof the susceptibility tensor~x!, since in this
caseM andB are collinear. Typically, the rotation axis of th
torquemeter is set parallel toy while B is applied in thexz
plane at an angleu from z, so that they component of the
torque vector is given by

Ty5B2~xzz2xxx!sinu cosu. ~3!

Equation~3! shows that for a given orientation of the fie
the torque signal is proportional to the in-plane anisotro
and to the square of the magnetic-field modulus, so that
sitivity increases dramatically in high magnetic fields. Ho
ever, a different behavior is expected for Fe6 and Fe10 in the
low-temperature regime due to field induced modulation
the ground state. In order to illustrate this point we rec
that, in the limit of dominant Heisenberg contributions~1!,
the effect of magnetic anisotropy and Zeeman interactions
eachS multiplet is described by the spin Hamiltonian13

HS5S•DS•S1gmBB•S. ~4!

As a consequence of Eq.~4!, in an anisotropic system th
magnetic-field values (Bc) required for spin-flip transitions
are u dependent~see Appendix!. The problem of singlet-
triplet level crossing in a ring with axial symmetry~z unique!
can be solved analytically by direct diagonalization of t
333 spin-Hamiltonian matrix for theS51 multiplet:13,14

Bc~u!5
D11 1

3 D1

gmB
S D12 2

3 D1

D11 1
3 D1~123 cos2 u!

D 1/2

. ~5!

In Eq. ~5!, D1 andD1 are the zero-field splitting parameter
the triplet state and the singlet-triplet energy gap, resp
tively. One notices that the trend ofBc values is qualitatively
related to the sign ofD1 , becauseBc(90),Bc(0) when
D1.0 while the opposite holds whenD1,0. Since theu0,0&
state is magnetically isotropic, the torque signal observe
magnetic field values close toBc(u) ~Fig. 1! must reflect
contributions from theu1, 21& state only. We can safely as
sume a linear field dependence of the energy ofu1,21&
around the crossing pointBc , so that the thermal expectatio
value ofTy is simply given by

^Ty&5^1,21uTyu1,21&F11expS 2a
B2Bc~u!

kBT D G21

,

~6!

FIG. 1. Simplified spin-level scheme for singlet-triplet crossing
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where2a is the slope ofu1, 21& at B5Bc(u), while Ty is
the y component of the torque operatorTy52(]HS /]u)B .
According to Eq.~6!, ^Ty& should exhibit a steplike field
dependence with inflection point atBc(u). Furthermore, the
width of the step should be simply proportional to the ab
lute temperature:

FWHM5S kBT

a D lnS 312&

322&
D . ~7!

In this work, we used a cantilever torque method in hi
magnetic fields~0–23 T! to study the angular dependence
the critical fields required for spin-flip transitions at low tem
perature~0.45 K!. As anticipated in a previous report,4 our
approach provides considerable information on the zero-fi
splitting parameters of exchange multiplets and on the or
of magnetic anisotropy. More generally, we show how t
technique can be successfully used to study level crossin
magnetic materials and to determine the zero-field splitt
of excited multiplets, which is usually obtained through ele
tron paramagnetic resonance~EPR! spectroscopy.13

The paper is organized as follows. In Sec. II we discu
the experimental details while in Sec. III we present the
perimental results. In Sec. IV we analyze the field dep
dence of the torque signal in terms of spin level crossing
relate the observed critical fields to the spin-Hamiltonian
rameters. Finally, in Sec. V we draw conclusions.

II. EXPERIMENTAL DETAILS

A high-sensitivity Cu/Be cantilever mounted on a3He
cryostat was used for the torque measurements. The ex
mental apparatus, shown in Fig. 2~a!, was sensitive to they
component of the torque vector (Ty) acting on the sample in
a magnetic fieldB, which was applied in thexz plane at an
angle u from z. Rotations of the sample were performe
around they axis. The deflection of the cantilever with re
spect to the zero-field position was detected by measu
the capacitance of the torquemeter~C!, assumingC}1/d @see
Fig. 2~a!#. Capacitance variations (DC) during the experi-
ments were less than 0.5% of the zero-field capacita
~about 1.0 pF!, so that a simple proportionality betweenDC
andTy was assumed. Temperature was monitored by usin
calibrated RuO2-based resistor and the thermal stability
the system was within 50 mK in the range 4.3–0.45 K. Ma
netic fields up to 23 T were applied by using one of t
polyhelix electromagnets available at the High Magne
Field Laboratory in Grenoble, with field-sweep rates in t
range 400–600 G/s which led to insignificant hysteresis
fects.

10-mg single crystals of Fe6 and Fe10 were synthesized by
literature procedures.4,5 Fe6 crystallizes in space groupR3̄
and forms red needles with a well developed trigonal sy
metry. The rings are iso-oriented in the crystal, with th
sixfold axes lying parallel to the needlec axis @Fig. 2~b!#.
The selected single crystal~approximate dimensions: 0.3
30.1530.15 mm) was mounted on the cantilever under
optical stereomicroscope, with thec axis parallel toz and the
~100! face lying on the metal surface. Consequently, the fi
was applied in thea* c plane@Fig. 2~b!#, while theu angle
between the magnetic field and thec axis was experimentally
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varied in the range 0–90°. The crystal was covered w
silicon grease in order to prevent solvent loss during
room-temperature mounting. A similar procedure was u
for the Fe10 compound, which crystallizes in monoclini
space groupP21 /c and forms small yellow prisms. The tw
planar Fe10 molecules present in the unit cell are related
the 21 screw axis directed alongb and form a dihedral angle
a521.1° between themselves@Fig. 2~c!#. Due to the irregu-
lar shape of the crystals, the orientation of the unit-cell v
tors in the selected individual~approximate dimensions
0.2530.2030.10 mm) was determined by combined use o
polarizing microscope and an ENRAF Nonius CAD
k-geometry diffractometer. The uniqueb axis was optically
aligned parallel toy and the magnetic field was applied in th
ac plane@Fig. 2~c!#. The angleu between the magnetic fiel
and thez direction, defined by the traces of the idealiz
tenfold ring axes, was varied in the range 10 to295°. The
estimated accuracy of the adopted alignment procedur
65°.

III. EXPERIMENTAL RESULTS

~a! Fe6 sample. They component of the torque vecto
acting on the crystal in a magnetic fieldB (Ty) was detected
by measuring the capacitance variation of the torquem
DC}Ty as a function of magnetic field, temperature, a
orientation of the sample@Fig. 2~b!#. Curves recorded atT
54.3, 1.4, 0.70, and 0.45 K foru545° are shown in Fig. 3

FIG. 2. ~a! Side view of the cantilever torquemeter with th
coordinate system used in the experiments.~b! Projection of the
crystal structure of Fe6 onto thea* c plane of the trigonal unit cell
~hexagonal setting!. ~c! Projection of the crystal structure of Fe10

onto theac plane of the monoclinic unit cell. In both~b! and ~c!,
only iron ~III ! atoms are shown for clarity. The traces of sixfold a
idealized tenfold molecular axes are depicted by dashed lines.
h
e
d

-

a

is

er

As anticipated in Sec. I, the torque signal exhibits a step
field dependence which becomes more pronounced at
lowest temperatures. Further, the orientation of the sam
does not simply modulate the overall intensity of the sign
as predicted by Eq.~3!, but also affects the position of th
steps~Figs. 3 and 4!. The decrease of the capacitance impl
Ty,0 and directly provides the sign of magnetic anisotrop
pointing to the presence of ahard magnetic axis alongc.
Although the inflection point of the step (Bc), evaluated
from the first derivative curves, is the same at all tempe
tures, the full width at half maximum~FWHM! increases
from 1.56 T at 0.45 K to about 12.3 T at 4.3 K~inset to Fig.
3!. For T,1 K, however, the thermal broadening of the st
is small enough to reveal a smooth shift ofBc as a function
of u ~Fig. 3!. In Fig. 4 we plot theu dependence ofBc
measured at 0.70 K~theu values have been translated to t
familiar 0–90° range!. We notice that whenB is virtually
parallel to the crystallographicc axis ~u50°! the step occurs
at higher fields~17.9 T! as compared to the perpendicul

FIG. 3. Torque curves recorded on the Fe6 single crystal atT
50.45– 4.3 K andu545° ~solid lines!, at T50.45 K andu590°
~dashed line!, and atT50.45 K andu55° ~dotted line!. The inset
shows the temperature dependence of the full width at half m
mum ~FWHM! of the step.

FIG. 4. Angular dependence of the inflection point (Bc) for the
first torque step measured at 0.70 and 0.45 K on the Fe6 and Fe10

single crystals, respectively.
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12 180 PRB 60A. CORNIA, A. G. M. JANSEN, AND M. AFFRONTE
orientation~15.4 T!. Furthermore, the torque signal vanish
whenu is close tonp/2 ~n integer!, which represent princi-
pal magnetic directions in the crystal.

~b! Fe10 sample. The torque signal on the Fe10 sample was
studied at different temperatures by applying the magn
field atu5249.8° @Fig. 2~c!#. At 0.45 K, four steps centere
at 4.8, 9.2, 13.6, and 18.0 T can be clearly resolved~Fig. 5!.
The steps have similar width among each other and
FWHM of the first step~1.60 T! is comparable with tha
found in the six-membered ring at the same tempera
~1.56 T!. The steps rapidly merge into a broad feature as
temperature is increased above 1 K. We observed vanis
torque signals foru close to 0 and 90°, which must therefo
correspond to principal magnetic directions in theac plane.
The increase of the capacitance impliesTy.0 and points to
the presence of ahard magnetic axis alongz @Fig. 2~c!#. The
pattern ofBc values for the first step at 0.45 K, plotted
Fig. 4 as a function ofu, looks quite similar to that found in
the Fe6 sample, with critical fields in the range 4.2–5.6 T~as
in the Fe6 case, theu values have been translated to t
0–90° range!.

IV. DISCUSSION

The spin-Hamiltonian parameters were determined fr
the observed angular dependence ofBc making use of Eq.
~5!. D1 , D1 , and au offset (u0) were used as adjustab
parameters, while theg factor was fixed at 2.00. Notice tha
the experimentalu values for Fe10 were replaced by the tru
angles betweenB and the idealized tenfold cluster axes. T
best-fit parameters are collected in Table I. TheD1 andD1
parameters in Fe6 are in good agreement with the results o
previous high-field magnetization studies on powd
samples.4 The D1 value in Fe10 is surprisingly large if com-
pared with the singlet-triplet gapD1 , so that the validity of
Eq. ~4! for this compound can be questioned. The best-fitu0
value in Fe10 also shows that the axial approximation, a
though not crystallographically dictated, is realistic as s
gested by a careful inspection of molecular geometry.5

The four additional steps observed on the Fe10 sample in
high fields were associated with level crossings involv

FIG. 5. Torque curves measured at 1.5 and 0.45 K on the10

single crystal atu5249.8°. The solid line gives the best-fit curv
to 0.45-K data. The first derivatives of experimental and calcula
curves are also shown.
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excited exchange multiplets withS.1. Our approach con-
sisted in directly fitting theTy vs B curve recorded at 0.45 K
and u5249.8°, which showed best-resolved steps a
maximum signal intensity~Fig. 5!. For each set of spin-
Hamiltonian parameters, theTy vs B curve was calculated
numerically from the matrix elements ofTy and Boltzmann
statistics, as described in the Appendix. In Table II we c
lect the best-fit spin-Hamiltonian parameters that we
tained by settingD152.24 andg52.00. In order to repro-
duce the step width, we also treated temperature as
adjustable parameter@T50.76(1) K#. It is essential to notice
that the significance of our multivariable fit lies in the diffe
ent influence ofDS andDS on the torque curves. More pre
cisely, the height of each step is mainly determined by
DS /DS11 ratio, whereas the inflection point is related to bo
DS andDS values.

The quantity (DS2DS21)/S, reported in Table II, shows
that the Lande´ interval rule is obeyed within experimenta
error for S.1. This is to be compared for instance with th
marked deviations observed for Mn21 pairs in CuO, which
required the introduction of large biquadratic exchan
effects.15

The positive sign ofDS points to ahard axismagnetic
anisotropy in both systems. The trend ofDS parameters in
Table II compares well with that predicted for either dom
nant single-ion or dipolar contributions to magnetic anis
ropy ~fifth and sixth column, respectively!.13 For dominant
crystal-field terms, the measuredD1 values in Fe6 and Fe10
can be used to estimate single-ion anisotropies by stan
projection techniques.4,13 Defining single-ion anisotropies
through spin-Hamiltonian

d

TABLE I. Spin-Hamiltonian parameters for the triplet state
Fe6 and Fe10.

Fe6 Fe10

D1 (cm21) 15.28~1!a 15.2,b 13.7c 4.479~4!a 4.24,b 3.84c

D1 (cm21) 4.32~3!a 4.0c 2.24~2!a

u0 ( +) 21.6~4!a 7.7~1!a

gd 2.00 2.00

aThis work.
bFrom high-field magnetization studies on powder samples~Refs. 4
and 5!.

cFrom low-fieldx vs T data~Refs. 4 and 5!.
dHeld fixed.

TABLE II. Exchange energies and zero-field splitting para
eters~cm21! for the Fe10 sample.

DS

S DS (DS2DS21)/S expt single iona dipolara

1 4.43~1! 4.43~1! 2.24~2!b

2 12.78~3! 4.17~2! 0.599~3! 0.524 0.540
3 25.28~5! 4.17~2! 0.291~1! 0.238 0.256
4 41.98~8! 4.17~2! 0.180~1! 0.134 0.153
5 62.6~2! 4.12~4! 0.123~1! 0.084 0.103

aCalculated assumingD152.24 cm21 andg52.00.
bDetermined fromBc vs u data and held fixed.
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HFe5 k̄Fe~Sz
22 1

3 S2! ~8!

we obtaink̄Fe520.3 cm21 in Fe6 and 20.1 cm21 in Fe10.
This result is in contrast with a recent report by Chiolero a
Loss on the semiclassical spin dynamics of antiferromagn
rings.1 The authors showed that foru590° andk̄Fe.0 ~i.e.,
DS,0) the width of the steps should reflect the tunneli
dynamics of the Ne´el vector,1 and they encouraged single
crystal studies on Fe10 in order to support these theoretic
predictions. We now find thatk̄Fe,0 and DS.0 in Fe10,
which does not match the tunneling scenario discusse
Ref. 1. Interestingly, three additional antiferromagnetic rin
recently investigated by torque magnetometry and hi
frequency EPR, namely @LiFe6~OCH3!12~dbm!6#PF6,

16

@Fe8F8(t-BuCO2)16#,
17 and @Fe6~tea!6#,

18 showed ahard
axismagnetic anisotropy as well, despite the different che
cal environment of the metal ions. For this reason,
checked to which extent the assumption of dominant crys
field contributions may be realistic. On the basis of the o
served Fe-Fe distances19 and in the point-dipole
approximation,13 the contribution of intramolecular dipola
interactions toD1 is D1

dip51.15 cm21 in Fe6 and 2.24 cm21

in Fe10. Hence, dipolar terms sum up to 26% of theD1 value
observed in Fe6, and entirely account for the measured trip
splitting in Fe10. We are led to the conclusion that dipol
interactions provide a substantial contribution to magne
anisotropy in these molecular clusters.

Finally, we comment on the FWHM vsT data at T
,1.5 K ~inset to Fig. 3!. The best-fit value a
50.932(11) cm21/T resulting from Eq.~7! is in excellent
agreement with that expected for singlet-triplet crossinga
;2gmBS50.934 cm21/T with g52.00), pointing to domi-
nant thermal broadening of the steps. However, the bes
line in the inset to Fig. 3 has nonzero intercept. In fact
step width in both Fe6 and Fe10 at 0.45 K~;1.6 T! is larger
than expected for simple thermal broadening~1.18 T!. The
excess width~;0.4 T! may be an artifact due to misalign
ment between microscopic crystal domains~mosaicity!. The
sensitivity ofBc to theu angle is infact maximum foru close
to 645° ~see Fig. 4!. Our interpretation is consistent with th
narrower steps observed in Fe6 for u approaching 0 and 90
@FWHM51.30(4) T at 0.45 K#.

V. CONCLUDING REMARKS

We investigated magnetic anisotropy in two molecu
clusters with a ringlike structure, Fe6 and Fe10. Spin-flip tran-
sitions were induced by applying magnetic fields up to 23
and were followed by cantilever torque magnetometry
microgram single crystals at low temperature. The smo
angular variation of transition fields provided a detailed p
ture of low-lying spin states in these antiferromagnetic cl
ters ~Tables I and II!, showing that in both Fe6 and Fe10 the
ring axis represents ahard magnetic axis. On this basis, w
suggest that dipolar interactions may provide a substan
contribution to the observed anisotropy. The zero-field sp
ting parameters observed in Fe6 and Fe10 confirm that poly-
nuclear iron~III ! compounds may exhibit fairly large mag
netic anisotropies and represent good candidates for
observation of superparamagneticlike behavior.2,3
d
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We finally stress that the main advantage of our approa
as compared with low-field susceptibility measurements
variable temperature,4 lies in the absence of thermal avera
ing effects on the different multiplets, which mix individua
contributions to magnetic anisotropy. In this respect, the
formation extracted from our single-crystal studies isqua-
sispectroscopicin quality. High-field torque magnetometr
thus provides a general tool for the study of magnetic anis
ropy in antiferromagnetic spin-structures, with possible a
plications in the field of superconducting cuprates and sp
Peierl’s compounds.
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APPENDIX: SPIN HAMILTONIAN FOR MAGNETIC
RINGS

The low-temperature physics of aN-membered ring is
ruled by Hamiltonian

H5J(
i 51

N

Si•Si 111(
i 51

N

Ui~Si !1(
iÞ j

N

Ui , j~Si ,Sj !

1gmBB•(
i 51

N

Si ~A1!

which includes nearest-neighbor~NN! Heisenberg interac-
tions ~first term!, magnetocrystalline anisotropies~second
term!, dipolar or anisotropic-exchange contributions~third
term! and Zeeman interactions~fourth term!. In Eq. ~A1!,
SN115S1 and higher-order terms in the spin variables ha
been neglected.1 The y component of the torque operatorTy
can be easily obtained by differentiating the Zeeman term
Eq. ~A1! with respect to the angular variable~u! describing
the rotation around they axis:

Ty52S ]H

]u D
B

52gmBB(
i 51

N

~Si
x cosu2Si

z sinu!

52gmBB~Sx cosu2Sz sinu!, ~A2!

whereS5S i 51
N Si is the total-spin operator. The matrix ele

ments ofTy must then be computed on the basis of eige
vectors of Hamiltonian~A1! and the thermal expectatio
value ofTy evaluated by using Boltzmann statistics.

Different approaches have been proposed to solve Ha
tonian ~A1! for an antiferromagnetic ring. Since the dime
sions of the Hamiltonian matrix@(2Si11)N3(2Si11)N# in-
crease very rapidly withN, for largeSi full diagonalization
becomes a formidable task even when the number of in
acting spins is small. In the case of Fe6 and Fe10, for in-
stance, the dimensions of the full Hamiltonian matrix a
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46 656346 656 and 60 466 176360 466 176, respectively
An alternative semiclassical approach has been recently
posed to solve Eq.~A1! in the general case.1 However, con-
siderable simplification of the problem is possible wh
Heisenberg interactions~1! represent the leading term in Eq
~A1!. In this case, the Heisenberg matrix can be block f
torized by exploiting the symmetry properties of the to
spin S,20 and rings ofSi5

5
2 spins with N up to 8 can be

easily handled. For instance,N56 leads to 16 matrices with
size ranging from 131 to 6093609 andS values ranging
from 15 to 0. It is a general result that whenN is even andSi
is large, the low-lying exchange multiplets have only t
magnetic degeneracy (2S11), and their energies are ap
proximated by the expression

ES5
J8

2
S~S11!, ~A3!

where J8;4J/N corresponds to the singlet-triplet energ
gap. We have extensively discussed elsewhere the validi
Eq. ~A3!,4,21 which is a statement of the Lande´ interval rule13

and provides a good starting point for the investigation
large rings. Experimentally, Eq.~A3! accounts for the
evenly-spaced steps observed in theM vs B curves of Fe6
and Fe10 at low temperature. As illustrated in Fig. 6, fie
induced level crossing occurs at critical fields

Bc5J
4~S11!

NgmB
, ~A4!

FIG. 6. Spin-level scheme for the low-lying multiplets in a
antiferromagnetic ring, showing multiple level crossing induced
the applied magnetic field. The total-spin ground stateS in each
field interval is also reported.
o

, R

at-
ro-

-
l

of

f

whereupon the spin ground state changes fromS to S11 at
regular field intervals. In this approach, non-Heisenberg c
tributions can be easily handled through perturbative Ham
tonians~4! acting on the different multiplets. Similarly, ca
culation of the matrix representative ofTy @Eq. ~A2!#
simplifies considerably because it can be carried out se
rately for each multiplet. In Fig. 7 we focus on singlet-tripl
crossing and plot calculatedTy vs B curves forT50.7 K,
D154.0 cm21, D1515.0 cm21 and g52.00 ~lower panel!.
For the sake of clarity, in the same figure~upper panel! we
also plot the field dependence of the ground singlet (S50)
and of the excited triplet (S51) levels when the magneti
field is applied parallel~u50°! and perpendicular (u590°)
to the anisotropy axis. The angular modulation of the sig
nicely agrees with the experimental one. In particular,
signal vanishes when the field is parallel~u50°! and perpen-
dicular (u590°) to the anisotropy axis, as expected due
the axial symmetry. Moreover, the inflection point shifts
changing the orientation of the magnetic field, following t
variation in the critical fieldBc required for level crossing.

y

FIG. 7. Upper panel: level diagram showing the angular dep
dence of level-crossing fields between singlet~solid line atE50)
and triplet states~broken lines! for D154 cm21, D1515 cm21, and
g52.00. Lower panel: calculated torque curves for the same se
spin-Hamiltonian parameters and representative values ofu at T
50.70 K.
ys.
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