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We studied the magnetic anisotropy of two molecular magnets,akd Fg, which comprise six- and
ten-membered rings of antiferromagnetically coupled iidn ions (S;= g), respectively. Spin-flip transitions
induced by the applied magnetic fieldp to 23 T were investigated by cantilever torque magnetometry on
microgram single crystals at very low temperat@dewn to 0.45 K. From the sharp, steplike variations of
magnetic anisotropy at the transition fields, we determined the singlet-triplet energyAgrard the axial
zero-field splitting parametei);) for the triplet state of Re[A;=15.28(1) cm?, D;=4.32(3) cm] and
Feo[A;=4.479(4) cm?, D;=2.24(2) cm!]. By analyzing the additional steps observed in thg,Eample,
we evaluated thélg and Dg parameters for the total-spin multiplets wighup to 5. On the basis of our
findings, we discuss the origin of magnetic anisotropy in ifidh) rings and the application of torque magne-
tometry to the study of field induced level crossing in molecular maghg€l63-182@09)01041-3

[. INTRODUCTION fluctuations at temperatures closeJidkg .2 However, quan-
tum size effects are manifest in the regular staircase structure
Mesoscopic magnetic systems are attracting increasing iref magnetization curves measuredrat 1 K as a function of
terest since they provide the possibility to observe quantumnagnetic field. The origin of the steps and their different
size effects on a macroscopic sch?el_arge magnetic clus- field spacing in the two compoundgl6.4 and 4.7 T,
ters can now be synthesized in bulk quantities by chemicalespectively*® are reasonably well understood in terms of

techniques and arranged in a crystal lattice, so that each cogpjn-flip transitions induced by the applied magnetic field
stituent magnetic object has perfectly defined size andsee Appendix

structuré? Major achievements in this field have been the

observation of quantum tunnerlging of the magnetization inye yistinctly smaller than the dominant exchange Hamil-
single-molecule superparamagrieiad quantum steps of the tonian (1), recent theoretical investigations on the spin dy-

magqet|zat|on n mdecu'ar antiferromagnetic ”ﬁ§§2 namics of Fg and Fgq clusters have evidenced a subtle in-
Considerable attention has been focused on the coexisten £olay between finite size effects and non-Heisenber
of classical and quantum effects in large magnetic rings, be- play 9

- - - interactions:”°
cause the physical properties of a ring are expected to gradu- . . . L
pny prop g P g For this reason, we undertook a detailed investigation of

ally evolve toward those of an infinite chain as the number of X , :
interacting spingN) increases. magnetic _amsqtrop_y on single-crystal samples of &ed
In this respect, two high-symmetry irofill) rings, Fg  F€0 by using high-field torque magnetometry. Torque mag-
and Fg, have been investigated by several different techetometry with its many variationgritical-couple or flip-
niqueS, such as magnetizaﬁérand Speciﬁc-hegtrneasure_ angle method, null'deflectiO]H, and cantilever methoaJS
ments, Masbauer Spectroscoﬁyand nuclear magnetic was one of the first techniques developed for measuring
resonanc&?® In low magnetic fields Reand Fg, have a magnetic anisotropy. Suitably coupled with an average sus-
nonmagneticS=0 ground state due to dominant antiferro- ceptibility measurement, it has been widely used for the de-
magnetic Heisenberg interactions: termination of principal susceptibilities in  simple
paramagnets*2 but high-field applications have been de-

Although non-Heisenberg terms are generally assumed to

N veloped only recently! The torqueT experienced by a mag-
Hu 2321 S-S+ (1) netically anisotropic substance in a uniform magnetic f@ld
is given by°

with J=19.9 and 9.6 cm' in the two compounds,
respectively*® As observed in infinite chains, these systems
are characterized by a critical slowing down of electron-spin T=MXB, (2
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4 where —a is the slope of1, —1) at B=B(#), while Ty is
E & the y component of the torque operaté)=—(dHs/30)g .
efgfg According to Eq.(6), (T,) should exhibit a steplike field
)ug/ dependence with inflection point Bt(6). Furthermore, the

10,0> width of the step should be simply proportional to the abso-

\ lute temperature:
111>

i ke T

a
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In this work, we used a cantilever torque method in high
magnetic field§0—23 T) to study the angular dependence of
the critical fields required for spin-flip transitions at low tem-
perature(0.45 K). As anticipated in a previous repdrpur
approach provides considerable information on the zero-field
splitting parameters of exchange multiplets and on the origin
of magnetic anisotropy. More generally, we show how this
technigue can be successfully used to study level crossing in
magnetic materials and to determine the zero-field splitting
of excited multiplets, which is usually obtainedﬁ/tshrough elec-

_R2(, _ : tron paramagnetic resonan®PR spectroscopy:
Ty=B (Xzz~ xxsind coso. @ The paper is organized as follows. In Sec. Il we discuss

Equation(3) shows that for a given orientation of the field the experimental details while in Sec. Ill we present the ex-
the torque signal is proportional to the in-plane anisotropyPerimental results. In Sec. IV we analyze the field depen-
and to the square of the magnetic-field modulus, so that sefflence of the torque signal in terms of spin level crossing and
sitivity increases dramatically in high magnetic fields. How-relate the observed critical fields to the spin-Hamiltonian pa-
ever, a different behavior is expected for;Bmd Fgyin the ~ rameters. Finally, in Sec. V we draw conclusions.
low-temperature regime due to field induced modulation of
the ground state. In order to illustrate this point we recall ll. EXPERIMENTAL DETAILS
that, in the limit of dominant Heisenberg contributiofis,

. . B . 3
the effect of magnetic anisotropy and Zeeman interactions on A high-sensitivity Cu/Be cantilever mounted on“ble .
eachS multiplet is described by the spin Hamiltonfdn cryostat was used for the Forq_ue measurem(a_nts. The experi-
mental apparatus, shown in Figa2, was sensitive to thg

component of the torque vector () acting on the sample in
Hs=S-Ds- St QueB- S @ A mer:gnetic fieldB, whqich was as(;))Iied ir?thexz plane apt an
As a consequence of E@4), in an anisotropic system the angle ¢ from z Rotations of the sample were performed
magnetic-fiekj Va]uesHC) required for Sp|n_f||p transitions around they axis. The deflection of the cantilever with re-
are 6 dependent(see Appendix The problem of singlet- SPect to the zero-field position was detected by measuring
triplet level crossing in a ring with axial symmettgunique  the capacitance of the torquemet€y, assumingC=1/d [see
can be solved analytically by direct diagonalization of theFig. 2@]. Capacitance variationsAC) during the experi-

FIG. 1. Simplified spin-level scheme for singlet-triplet crossing.

where M is the magnetization of the sampl&. vanishes
when the magnetic field is applied along one of the principa
directionsx,y,zof the susceptibility tensofy), since in this
caseM andB are collinear. Typically, the rotation axis of the
torquemeter is set parallel pwhile B is applied in thexz
plane at an angl® from z, so that they component of the
torque vector is given by

3% 3 spin-Hamiltonian matrix for th&=1 multiplet!®* ments were less than 0.5% of the zero-field capacitance
(about 1.0 pI; so that a simple proportionality betweArC
A,+1iD, A,— 2D, 172 andT, was assumed. Temperature was monitored by using a
B.(6)= ()] calibrated Ru@based resistor and the thermal stability of
gus A;+3D;(1—3cog ) the system was within 50 mK in the range 4.3-0.45 K. Mag-

netic fields up to 23 T were applied by using one of the
In Eq. (5), D; andA, are the zero-field splitting parameter of polyhelix electromagnets available at the High Magnetic
the triplet state and the singlet-triplet energy gap, respecrield Laboratory in Grenoble, with field-sweep rates in the
tively. One notices that the trend B, values is qualitatively  range 400-600 G/s which led to insignificant hysteresis ef-
related to the sign oD;, becauseB.(90)<B.(0) when fects.
D ;>0 while the opposite holds wheb; <0. Since thd0,0) 10-ug single crystals of kgand Fg, were synthesized by

state is_ma_gnetically isotropic, the torque signal observed gferature proceduret® Fe, crystallizes in space group3
magnetic field values close 8B.(6) (Fig. 1) must reflect  4nq forms red needles with a well developed trigonal sym-
contributions from thel, —1) state only. We can safely as- metry. The rings are iso-oriented in the crystal, with their

sume a linear field dependence of the energy|lot1)  sixfold axes lying parallel to the needteaxis [Fig. 2(b)].
around the crossing poi;, so that the thermal expectation 1o selected single crystéhpproximate dimensions: 0.35

value of Ty is simply given by X 0.15x0.15mm) was mounted on the cantilever under an
. optical stereomicroscope, with tioeaxis parallel taz and the

(T =(1—1|T,|1.—1) l+exp{ a B—B( 9)” (100) face lying on the metal surface. Consequently, the field
y ' yi= kgT ' was applied in the* ¢ plane[Fig. 2(b)], while the 6 angle

(6)  between the magnetic field and thaxis was experimentally
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FIG. 3. Torque curves recorded on the;Bingle crystal afl
=0.45-4.3K andd=45° (solid lineg, at T=0.45K and#=90°
(dashed ling and atT=0.45K andf§=5° (dotted ling. The inset
shows the temperature dependence of the full width at half maxi-
mum (FWHM) of the step.

As anticipated in Sec. I, the torque signal exhibits a steplike
field dependence which becomes more pronounced at the
lowest temperatures. Further, the orientation of the sample
does not simply modulate the overall intensity of the signal,
FIG. 2. () Side view of the cantilever torquemeter with the @S predicted by Eq3), but also affects the position of the
coordinate system used in the experimerts. Projection of the  Steps(Figs. 3 and 4 The decrease of the capacitance implies
crystal structure of Rgonto thea* ¢ plane of the trigonal unit cell Ty<<0 and directly provides the sign of magnetic anisotropy,
(hexagonal setting (c) Projection of the crystal structure of ge  pointing to the presence of laard magnetic axis along.
onto theac plane of the monoclinic unit cell. In bottb) and(c),  Although the inflection point of the stepBf), evaluated
only iron (I1l) atoms are shown for clarity. The traces of sixfold and from the first derivative curves, is the same at all tempera-
idealized tenfold molecular axes are depicted by dashed lines. tures, the full width at half maximunfFWHM) increases
from 1.56 T at 0.45 K to about 12.3 T at 4.3(ifset to Fig.
varied in the range 0-90°. The crystal was covered witlg8). For T<1 K, however, the thermal broadening of the step
silicon grease in order to prevent solvent loss during thdés small enough to reveal a smooth shift®f as a function
room-temperature mounting. A similar procedure was usedf ¢ (Fig. 3). In Fig. 4 we plot thed dependence 0B,
for the Fgq compound, which crystallizes in monoclinic measured at 0.70 Khe 6 values have been translated to the
space groupr2,/c and forms small yellow prisms. The two familiar 0-90° range We notice that wherB is virtually
planar Fgy molecules present in the unit cell are related byparallel to the crystallographic axis (#=0°) the step occurs
the 2, screw axis directed alonigand form a dihedral angle at higher fields(17.9 T) as compared to the perpendicular
a=21.1° between themselvéBig. 2(c)]. Due to the irregu-
lar shape of the crystals, the orientation of the unit-cell vec-

tors in the selected individualapproximate dimensions: 18-

0.25x0.20x 0.10 mm) was determined by combined use of a

polarizing microscope and an ENRAF Nonius CAD-4 174

x-geometry diffractometer. The uniqueaxis was optically Feg
aligned parallel toy and the magnetic field was applied in the 16

ac plane[Fig. 2(c)]. The angled between the magnetic field -

and thez direction, defined by the traces of the idealized e 4

tenfold ring axes, was varied in the range 10-t85°. The o’ 6-

estimated accuracy of the adopted alignment procedure is

+5°% S'F\\jii«'

Ill. EXPERIMENTAL RESULTS 41

(a) Fe; sample. They component of the torque vector 20 0 20 40 60 80 100
acting on the crystal in a magnetic fied(T,) was detected 0%
by measuring the capacitance variation of the torquemeter
ACxTy as a function of magnetic field, temperature, and  FIG. 4. Angular dependence of the inflection poiBt) for the
orientation of the samplgFig. 2(b)]. Curves recorded a first torque step measured at 0.70 and 0.45 K on theaRd Fg,
=4.3, 1.4, 0.70, and 0.45 K fa#=45° are shown in Fig. 3. single crystals, respectively.
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7 TABLE I. Spin-Hamiltonian parameters for the triplet state of
Fe; and Fe,.
6 i .
5k Fes Feyo
a0 e Aj(em™D 152812 15.2P13.F 4.4794)2 4.24P 384
91 5L D,(cm™) 432332 4.0 2.242)?2
5’ 00 (") —1.6(4)2 7.7(1)2
327 ¢ 2.00 2.00
! L &This work.
0 Ist der. (a.u.) bFrom high-field magnetization studies on powder sam(iRess. 4
I ) \ e L and 5.
0 5 10 15 20 °From low-field y vs T data(Refs. 4 and b
B (T) “Held fixed.

_FIG. 5. Torque curves measured at 1.5 and 0.45 K on the Fe gycited exchange multiplets witS>1. Our approach con-
single crystal ag=—49.8". The solid line gives the best-fit curve giqie in directly fitting ther, vs B curve recorded at 0.45 K
to 0.45-K data. The first derivatives of experimental and calculated, -\~ o _ —49.8°, which showed best-resolved steps and
curves are also shown. . . . - .

maximum signal intensityFig. 5. For each set of spin-
Hamiltonian parameters, thg, vs B curve was calculated
numerically from the matrix elements @f, and Boltzmann
statistics, as described in the Appendix. In Table Il we col-
lect the best-fit spin-Hamiltonian parameters that we ob-
tained by settingd;=2.24 andg=2.00. In order to repro-
Yuce the step width, we also treated temperature as an
adjustable parameteT =0.76(1) K]. It is essential to notice

that the significance of our multivariable fit lies in the differ-

The steps have similar width among each other and thg :
. ) i nt influence oD g andAg on the torque curves. More pre-
FWHM of the first step(1.60 T) is comparable with that cisely, the height of each step is mainly determined by the

found in the sm-mempered fing .at the same temperatur%S/DSH ratio, whereas the inflection point is related to both
(1.56 T). The steps rapidly merge into a broad feature as '[h(aD
s andAg values.

temperature is increased above 1 K. We observed vanishing : B .
torque signals fop close to 0 and 90°, which must therefore The quantity Qs=As_,)/S, reported in Table Il, shows
that the Landenterval rule is obeyed within experimental

ﬁ,rerﬁf,gfg ;séoo[?rtlr?glgglpg]c?gﬁ:téci%Igiégggsa:rn] da;%?ﬁgetb error for S>1. This is to be compared for instance with the

the presence of hard magnetic axis along[Fig. 2(c)]. The marked deV|at!ons observed for ffn paurs n CgO, which

pattern ofB. values for the first step at 0.45 K, plotted in refqurelds the introduction of large biquadratic exchange
: ' effects.

Fig. 4 as a function o#, looks quite similar to that found in The positive sign oD points to ahard axis magnetic

the Fg sample, with critical fields in the range 4.2—5.635 . . )
in the Fg case, thef values have been translated to theanlsotropy in both systems. The tren(_j 0§ parameters in
0-90° range Table _II compares vyeII with thgt pr_ed|cted for elthgr dqml—
nant single-ion or dipolar contributions to magnetic anisot-
ropy (fifth and sixth column, respectively® For dominant
IV. DISCUSSION crystal-field terms, the measur@&y, values in Fg and Fgg
can be used to estimate single-ion anisotropies by standard
r’rbrojection technique$®® Defining single-ion anisotropies
through spin-Hamiltonian

orientation(15.4 T). Furthermore, the torque signal vanishes
when @ is close ton#/2 (n integey, which represent princi-
pal magnetic directions in the crystal.

(b) Fe,o sample. The torque signal on the,fFFsample was
studied at different temperatures by applying the magneti
field at 0= —49.8°[Fig. 2(c)]. At 0.45 K, four steps centered
at 4.8, 9.2, 13.6, and 18.0 T can be clearly resolifgd. 5).

The spin-Hamiltonian parameters were determined fro
the observed angular dependenceBgfmaking use of Eq.
(5). D4, A;, and a@ offset (6,) were used as adjustable
parameters, while thg factor was fixed at 2.00. Notice that ) ] .
the experimentad values for Fg, were replaced by the true TABLEII. Exchange energies and zero-field splitting param-
angles betweeB and the idealized tenfold cluster axes. The &t€rs(cm ) for the Fe, sample.
best-fit parameters are collected in Table I. Theand A
parameters in kgare in good agreement with the results of a
previous high-field magnetization studies on powder
sampleé‘. The D, value in Fgg is surprisingly large if com- 1 4.431) 4.431) 2.242)°
pared with the singlet-triplet gafy;, so that the validity of > 12783 4.172) 0.5993) 0.524 0.540
Eq. (4) for this compound can be questioned. The bestfit 3 25 2g5) 4.172) 0.29%1) 0.238 0.256
value in Fgo also shows that the axial approximation, al-4 43 9gg) 4.172) 0.1801) 0.134 0.153
though not crystallographically dictated, is realistic as sugg g g2) 4.124) 0.1231) 0.084 0.103
gested by a careful inspection of molecular geometry.

The four additional steps observed on thggample in  2Calculated assuming,=2.24 cmi'* andg=2.00.
high fields were associated with level crossings involvingDetermined fromB, vs 6 data and held fixed.

Ds
Ag (As—As_;)/S  expt single ioA dipola”®
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He :?Fe(g_ i) (8) We finally stress that the main advantage of our approach,
¢ ° as compared with low-field susceptibility measurements at
variable temperaturélies in the absence of thermal averag-

This result is in contrast with a recent report by Chiolero andjng effects on the different multiplets, which mix individual
P y contributions to magnetic anisotropy. In this respect, the in-

Loss on the semiclassical spin dynamics of antiferromagnetif:ommtion extracted from our single-crystal studiesgisa-

rings The authors showed that for=90° andkec>0 (i.€.,  sispectroscopidn quality. High-field torque magnetometry
Ds<0) the width of the steps should reflect the tunnelingihys provides a general tool for the study of magnetic anisot-
dynamics of the Nel vector, and they encouraged single- yopy in antiferromagnetic spin-structures, with possible ap-
crystal studies on kg in order to support these theoretical plications in the field of superconducting cuprates and spin-
predictions. We now find thak <0 andDg>0 in Fepq, Peierl's compounds.

which does not match the tunneling scenario discussed in

we obtainﬂe=—0.3 cmtin Feg and —0.1 cm ! in Fey,

Ref. 1. Interestingly, three additional antiferromagnetic rings ACKNOWLEDGMENTS
recently investigated by torque magnetometry and high- _
frequency EPR, namely [LiFes(OCHy);,(dbm)g]PFs, 8 The authors thank Professor D. Gatteschi and Dr. R.

[FeyFg(t-BuCO,)16],Y7 and [Festeds],'® showed ahard Ses;oli(Universithdein Studi di Firenzfor invaluable dis-
axismagnetic anisotropy as well, despite the different chemicussion. We gratefully acknowledge the contributions of
cal environment of the metal ions. For this reason, we>rofessor A. C. Fabretti, Professor R. Grafdiniversitade-
checked to which extent the assumption of dominant crystaldli Studi di Modena e Reggio Emiliaand Dr. A. Caneschi
field contributions may be realistic. On the basis of the ob{Universita degli Studi di Firenzp to the preparation of
served Fe-Fe distandds and in the point-dipole single-crystal samples. This work was in part financially sup-

approximation'® the contribution of intramolecular dipolar Ported through the TMR Program of the European Commu-
interactions toD, is Dcljip:l_15 cml in Fe; and 2.24 cr nity under Contract No. ERBFMGECT950077.

in Feo. Hence, dipolar terms sum up to 26% of e value
observed in Fg and entirely account for the measured triplet ~ APPENDIX: SPIN HAMILTONIAN FOR MAGNETIC
splitting in Fg, We are led to the conclusion that dipolar RINGS
interactions provide a substantial contribution to magnetic 114 low-temperature physics of l-membered ring is
anisotropy in these molecular clusters. ruled by Hamiltonian

Finally, we comment on the FWHM v§ data atT
<15K (inset to Fig. 3. The bestfit value a N N N
=0.932(11) cm¥T resulting from Eq.(7) is in excellent Hsz $'3+1+2 Ui(3)+2 Uii(§.S)
agreement with that expected for singlet-triplet crossiag ( =1 =1 1]
~—gueS=0.934 cm YT with g=2.00), pointing to domi- N
nant thermal broadening of the steps. However, the best-fit +9MBB'E S (A1)
line in the inset to Fig. 3 has nonzero intercept. In fact the =1

step width in both Fgand Feo at 0.45 K(~1.6 ) is larger  \yhich includes nearest-neighbéKN) Heisenberg interac-
than expected for simple thermal broadenidgl8 . The  ons (first term), magnetocrystalline anisotropigsecond
excess width(~0.4 T) may be an artifact due to misalign- o) *dipolar or anisotropic-exchange contributiofthird
ment between microscopic crystal domai{nssaicity. The term) and Zeeman interactionourth tern. In Eq. (A1),
sensitivity ofB,. to the # angle is infact maximum foé close Sy+1=S, and higher-order terms in the spin variables have
to £45° (see Fig. 4. Our interpretation is consistent with the been neglecteliThe y component of the torque operafby
narrower steps observed inder ¢ approaching 0 and 90° 3, pe easily obtained by differentiating the Zeeman term in

[FWHM=1.30(4) T at 0.45 K Eq. (A1) with respect to the angular variablé) describing
the rotation around thg axis:

V. CONCLUDING REMARKS

N
oH
We investigated magnetic anisotropy in two molecular Ty=- %) == gMBBZ (S cosf— S sin6)
clusters with a ringlike structure, fand Fgy. Spin-flip tran- B =1
sitions were induced by applying magnetic fields up to 23 T = — gugB(S cosh— Fsing), (A2)

and were followed by cantilever torque magnetometry on

microgram single crystals at low temperature. The smoothhereSinN:lS is the total-spin operator. The matrix ele-
angular variation of transition fields provided a detailed pic-ments of T, must then be computed on the basis of eigen-
ture of low-lying spin states in these antiferromagnetic clusvectors of Hamiltonian(A1) and the thermal expectation
ters(Tables | and Il, showing that in both Reand Fg,the  value of T, evaluated by using Boltzmann statistics.

ring axis represents laard magnetic axis. On this basis, we  Different approaches have been proposed to solve Hamil-
suggest that dipolar interactions may provide a substantidbnian (A1) for an antiferromagnetic ring. Since the dimen-
contribution to the observed anisotropy. The zero-field splitsions of the Hamiltonian matri(2S;+ 1)Nx (2S;+1)N] in-

ting parameters observed ind@&nd Fg, confirm that poly-  crease very rapidly wittN, for large S; full diagonalization
nuclear iron(lll) compounds may exhibit fairly large mag- becomes a formidable task even when the number of inter-
netic anisotropies and represent good candidates for thacting spins is small. In the case ofsFand Fg, for in-
observation of superparamagneticlike behafior. stance, the dimensions of the full Hamiltonian matrix are
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B (4)/Nguy) 'g 1 8=15

FIG. 6. Spin-level scheme for the low-lying multiplets in an ="
antiferromagnetic ring, showing multiple level crossing induced by | 9=45
the applied magnetic field. The total-spin ground st&tm each 2.5+
field interval is also reported. 0 5 10 15 20

B (T)

46 65646 656 and 60466 172660466 176, respectively.
An alternative semiclassical approach has been recently pro-
posed to solve EqA1) in the general caseHowever, con-

siderable simplification of the problem is possible when

(H:iielnnb?r:igsIg'z[iesrscftfe'«(ﬁerizgaebseergt :r:]aetrli?(agg;lg ggrg}o'ng]%Cg:Z.OO. Lower panel: calculated torque curves for the same set of
" A ‘spin-Hamiltonian parameters and representative valueg af T
torized by exploiting the symmetry properties of the total :pojo K. P P

spin S$%° and rings ofS;=% spins withN up to 8 can be

easily handled. For instancl=6 leads to 16 matrices with _

size ranging from X1 to 609<609 andS values ranging Whereupon the spin ground state changes fim S+ 1 at
from 15 to 0. It is a general result that whisris even ands; regular field intervals. In this approach, non-Heisenberg con-
is large, the low-lying exchange multiplets have only thelributions can be easily handled through perturbative Hamil-

magnetic degeneracy &-1), and their energies are ap- tonians(4) acting on the different multiplets. Similarly, cal-
proximated by the expression culation of the matrix representative of, [Eq. (A2)]

simplifies considerably because it can be carried out sepa-
J’ rately for each multiplet. In Fig. 7 we focus on singlet-triplet
Es=- S(S+1), (A3)  crossing and plot calculate®, vs B curves forT=0.7K,

D,=4.0cm?, A;=15.0cm ! and g=2.00 (lower panel.
where J’~4J/N corresponds to the singlet-triplet energy For the sake of clarity, in the same figuiepper panelwe
gap. We have extensively discussed eIsevyhere the validity Qfiso plot the field dependence of the ground sing&t ()
Eq. (A3),“* which is a statement of the Landieerval rulé®  ang of the excited triplet§=1) levels when the magnetic
and prqvides a goc_)d starting point for the investigation offig|d is applied paralle(#=0°) and perpendicular=90°)
large rings. Experimentally, Eq(A3) accounts for the to the anisotropy axis. The angular modulation of the signal
evenly-spaced steps observed in ¥evs B curves of Fg¢  picely agrees with the experimental one. In particular, the
and FQO at low temperature. As illustrated in Flg 6, field Signa| vanishes when the field is paraugi:0°) and perpen-

FIG. 7. Upper panel: level diagram showing the angular depen-
dence of level-crossing fields between singkilid line atE=0)
and triplet stategbroken lineg for D;=4 cm™%, A;=15cm %, and

induced level crossing occurs at critical fields dicular (6=90°) to the anisotropy axis, as expected due to
the axial symmetry. Moreover, the inflection point shifts by
4(S+1) : : : g :
B.=J , (A4) chqnglng_the orlenj[atmr_l of the ma_gnenc field, foIIOW|_ng the
Ngug variation in the critical fieldB; required for level crossing.
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