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The organometallic ring molecules f~and Fg, are leading examples of a class of nanoscopic molecular
magnets which have been of intense recent interest both for their intrinsic magnetic properties and as candi-
dates for the observation of macroscopic quantum coherent phenomena. Torque magnetometry experiments
have been performed to measure the magnetization in single crystals of both systems. We provide a detailed
interpretation of these results, with a view to full characterization of the material parameters. We present both
the most accurate numerical simulations performed to date for ring molecules, using exact diagonalization and
density-matrix renormalization-group techniques, and a semiclassical description for purposes of comparison.
The results permit quantitative analysis of the variation of critical fields with angle, of the nature and height of
magnetization and torque steps, and of the width and rounding of the plateau regions in both quantities.
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I. INTRODUCTION variation between these extrema is to a good approximation a
sinusoidal function of 2.
The molecular iron ring, or “ferric wheel” systems fe Here we present a detailed analysis of the magnetization

and Fg, (Ref. 1) present an interesting subgroup of magneticin these ferric wheels, considering the spacing and widths of
molecular clusters. Both materials have dominant antiferrothe magnetization steps, the flatness of the plateaus, and the
magnetic(AF) coupling between spin§=25 on each iron @ngular variation of the critical fields. The primary results are
site and have a ground state of total sBin0. The magnetic g?ven by_nur_nerical simulations: we perform both_ a Lanczos
properties of such nanoscopic molecules result from the indiagonalization of the full Resystem, and density-matrix

. . . .. _5 _
terplay of superexchange interactions between the atomir(’enormBah?atlor;]—g'roup(DMRG) studies of finiteS=3 sy? .
spins, dipolar coupling of the local moments, and on—sitete_ztms'_ ot teg BIIS/llleeé a;e de_xact_at zr?rohltemperau:re or Ttlx-
spin anisotropies arising from ligand configurations. In view>'€ fINgs, an studies give nighly accurate resufts

of these complexities, and of the possibilities which éxist also _for the 10-site case. As_an aid to interpretation, we ap-
. . . : eal in Sec. Il to a semiclassical formulation for the molecu-
influence the relative strengths of each interaction typ

. MHar spin as a rigid-rotor model and for the low-energy dy-
through the non-Fe constituents of the mplecule_s, a detaile amics of the Nel vector’ In Sec. Il we compare this

: _ ) ) %nodel with existing magnetization data to extract the rel-

priate parameter regimes, the ring systems are CO_”S?dderedevant materials parameters. In Sec. IV we present the nu-
to be candidates for the observation of “macroscopic” quan-nerical simulations, and in Sec. V we discuss the qualitative
tum phenomena, in the form of quantum coherent tunnelingng quantitative significance of the results. Sec. VI contains

of the Neel vector. a summary and conclusions.
The magnetizatiorM (B) of single crystals of both Fe
and Fgg has recently been studied experimentally by canti- Il. ANALYTICAL DESCRIPTION
lever torque magnetometryysing magnetic fields up to 23 T
and at temperatures down to 0.45 K. In the; Bgstem, a We begin by considering a semiclassical description for

selection of materials is availabfefior Na:Fe only the first ~ the behavior of magnetic molecular rings in order to deduce

magnetization step to th8=1 state and at the fiel®,; approximate materials parameters for the simulations. Justi-
=17 T is accessible; for Li:ke B,=21 T is also ob- fication for the applicability of the semiclassical model may

served. For Fﬁ, the fie|dsBcl_Bc4, Corresponding to the be found in Ref. 4. The minimal Starting Hamiltonian for the
lowest four magnetization steps, may be measured. In a vefyng system shown schematically in Fig. 1 is

recent analysfsof Na:Fe, temperatures as low as 30 mK N N N

were probed, and a temperature independence of the step

width was observed, a result to which we will return later. In H:‘]Zfl S $+1+Z,l Ui(SHﬁh'Zfl S @)
each materialB.; is found to be largest in the orientation

where the magnetic field is applied along the axes of thevhere N=6 or 10, S;=Sy,1, and h=gugB/A. J is the
rings (which we will denote ag/=0), and smallest when the dominant superexchange interaction which enforces an AF
field is directed in the plane of the ringsy€ 7/2). The  spin configuration around the ringy contains intraring di-
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z A i{" h
'I
7 which may be divided in obvious notation intbly(L)
+H,, the latter term denoting the anisotropy contribution.
X Ho has eigenstatefl,L,)=|lI,m) with 1=0,1,2... and
—lsm=l, and eigenvalues E, ,=(2J/N)I(I+1)
+gugBm. The energy spectrum is shown as a function of
applied field in Fig. 6 of Ref. 5. Thukl, describes a stair-
FIG. 1. Schematic representation of;Fing at zero field, show- caselike magnetization with steps occurring at the field val-
ing spins aligned along easy axis of orientation normal to ringU€S Ben=4Jn/gugN, wheren=1,2,3... is aninteger.
plane. Also shown is arbitrary axis of magnetic field alignment. 1 his behavior accounts directly for the gross features of the
observed magnetization curvénclusion of the anisotropy

. . . . . term H, allows one to proceed to the effective spin
polar interactions and single-ion anisotropy terms, and theyamijtoniarl employed in Ref. 5, and to a discussion of the

final term is the Zeeman co_upling..For a .rin_g geometry, It ISy ariation of the critical fieldB.,(y) with angle. In practice,
easy to shqw that dipolar Interactions W'th'n a smg!e mOI'this is used to deduce the anisotropy paramkjerin the
ecule contribute only an effective easy-axis spin an'50tr°p¥)resence of a single-ion anisotropy, the energy levels at zero

V\r']h'Ch fgvors the ?X'S r;f“Fm"?" todthe ”nﬁ plane. Indaddll_tlon, jeld of the first(triplet) excitations are not degenerate, and
the environment of each e lon due to the surrounding ligan c1 IS given by the field where thea=—1 level crosses the

groupslln.general has a noncqb|c point-group symmetry; foEinglet. Note that in contrast to Fig. 1, we now take the field
the majority of cases the on-site symmetry may be taken as

uniaxial, and, again with the assistance of the ring geometrg><iS to definez and rotﬁte the ring by angl$kin thﬁ (>f<,z)
which allowé radial anisotropy to be subsumed within the Plane. For arbitrary), the anisotropy term takes the form

2J 2 2.2
szl_ +h-L—NkZSHZ, (©)]

=

uniaxial terms, we will assume this form of anisotropy. In all _ 2 2 2 2
: Ha=—NK ns—Nk,S?sirfyns,
systems known to date, this has been found to be weak, and A S'cosym; ? v
of easy-axis orientation in the same sense as above. Thus to = —Nk,S?(cog 6 coSy+sirf o sirf ¢ sirfy),  (4)

a reasonable approximation, the separate contributions to the . , )
U term may be combined as a single, effective on-site an¥/Nich describes simply the fact that componemfsand n,

isotropy termsN . —k,S2. , in which the sign ok, is chosen profit from the easy axis as the ring is tilted relative to the
i=1 z~0,z2 z . . . .

such that a positive value implies an easy axis for the orient'eld' 0 and¢ are, reg,pectwely, the axial and azimuthal polar

tation of the local spins. In Ref. 2 it was shown that thecoprdmates res_pectlvely. T_he e|genvalll:_?3§are evaluated

dipolar and single-site components of the effeckyenay be using the spherical harmonic wave functiong,(6,4). The

attributed separately. We consider an arbitrary magnetic-fielSults for the singlet and triplet levels are
alignment, parametrized by the angleto the easy axis in 1 1
the (x,z) plane. The field acts as an effective hard axis for an Ego=— §Nk282(cos’-¢+ sirfy) = — 3
AF system and causes spin reorientation for angiésr/2.

The Hamiltonian(1) is mappedto a form of nonlineawr 4] 3 1
model for the staggered magnetizationby expressing the E; o= — = Nk,S?cogy— = Nk,S?sirf i,
spinsS in coherent-state representation$Q;=(—1)'Sn; NS S
+1;, and integrating over the uniform componén©ne ob-

Nk,S?,

; 4] 1 2
tains Bie1=y gNkzszco§z,//— gNkZSZSinzwi gugB.
)
h? o, : Comparison ofg, o with E ives the result
Le=Njg5[n*+ih-(nAn)—[h?*=(h-n)?]]-k,SnZ . P 00 1,—1292
) A kN’S?( 3
BCl_g,uBN 300 | 1 2smzz,// , (6)

Gradient terms {,n)?, where x is the spatial coordinate and thus a clear demonstration that the angle dependence
around the ring, may be neglected for snidllbecause for a observed in both ferric wheel systems corresponds to an
small, closed system such as the ring geometry they repreasy-axis anisotropy for the spin direction in the original
sent significantly higher-lying energy states. This semiclassimodel. For future reference, we defineBf§=4J/gugN the
cal description of the low-energy physics is also suitable foffield value where th&=0—1 transition would occur in the
analyzing quantum coherence effetts. absence of magnetic anisotropy, whence g.may be re-

The Hamiltonian formulation canonically conjugatedp  expressed as
(2) is deduced by considering the continuous spatial variable
Xx=Rn, its conjugate momentump=JLg/dJX, and the angu- B.. =R
lar momentumL =x/\p. In real timet=—i r this is i el

1 3
1+ 1—5)\C1(1—§S|r12¢)}, (7)
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where \;; is the value of the anisotropy-field ratio. TABLE I. Critical field for first magnetization steB?;; deduced
=8sz82/(g,uBB)2 at B:Bgl' Finally, by following the value of superexchang& maximum critical-field variatiomAB,;
same procedure as in Ed5) for the wave function deduced value of effective, single-ion anisotrdgy offset angled

Y,_,(6,¢), one obtains for Fe; and Feg, materials. Data taken from Refs. 5 and 2.
120 1 3., B () JK)  AB. (T)  k./J 0
E, ,=—— >Nk, S*cogy— = Nk, S?sirfy— 2gugB,
N 7 7 Na:Fg 16.32 32,77  249T 00136  0.025
@  Fey 465 1556  1.28T  0.0088 —0.305
and thus Li:Feg 10.38  20.83 0.620 0.0053  0.011
Li:Feg 10.30  20.68 0.328 0.0066 —0.091
o 1 3
Be2=2Bgy| 1+ Zghe| 1- Esmzw : (9)

erification of the consistency of the rigid-rotor description
ver a wider field range.

Fits of the data to Eqg6) or (7) for the first steps, and to
) L . Eq. (9) for the second step in Li:keyield the values of]
employ it to make a valuable qualitative observation con- ndk, shown in Table I. The parameters in the last row are

cerning the nature of the magnetization. The situation o aken fromB,, for Li:Feg and show quite satisfactory con-

most inter_es'g for quantum transition§ be_tween .low'energ%istency with the values deduced from the first step. The
states of similar energy is when the field is applied perpen-

It is evident that in the presence of anisotropy, the widths o(\;
the magnetization steps are no longer equal.
Before leaving the rigid-rotor modg¢Eqg. (3)], we may

to seek quantum coherent phenomena in the high-field rez : . R ; h
gime of Ref. 4. If the field is dominant and sets the quanti-eter and is not important for the intrinsic physics. This angle

) h ) i is quite large in Fg, [Fig. 2(b)], where the crystal structure
the form —EikZS)2(= —13:k,(S,.+S_)?, whereS, is a spin

operator acting within th&=35 manifold on each site. The 180

anisotropy, considered as a perturbation, may change the
total-spin state of the system only iy/S=0,=2. All level o 175
crossings between eigenstates of the rigid rotor will then be ~,
true crossings wheAm==*=1,+3,... butwill become an- m 170
ticrossings due to the mixing perturbation wham=*2,
+4,... Because the ground-state level alterations always 16,5
involve Am=1, we thus obtain a simple understanding for
the fact that all of the magnetization steps will have vertical 16.0
portions for the starting Hamiltoniar{l), whereas the
energy-level splittinggy;=E;—Eq will be not a sawtooth- 155
shaped function but a rounded chin principle, the anisot-
ropy term may be reexpressed in terms of linear combina- 15.0 ' ' ' '
. . . 0 20 40 60 80
tions of operatord., for the rigid rotor, allowing one to
obtain analytical expressions for the numerical results to fol- v
low. 6.0 . . . . . .

IIl. EXPERIMENTAL COMPARISON =) .5

- " O T
The results of the previous section may be applied di- &’ s

rectly to the experimental data of Refs. 5 and 2. The varia-
tion of the critical fields for the lowest magnetization steps 5.0 -
with the angleys between the applied field and the ring axis S
has been measured to high accuracy by torque magnetom
etry, and is presented in Fig. 4 of Ref. 5 for Na;@d Fe, 45 .
and in Fig. 3 of Ref. 2 for Li:Fg The mean value of the )
field at which the step occurs gives the antiferromagnetic
superexchange coupling which is responsible for maintain- T 0 20 0 80 100 10

ing the S=0 ground-state spin configuration at zero field. v
The variation of the critical-field valueB. between their

extrema aty=0 and= /2 gives the effective anisotropy  FIG. 2. Angular variation of critical field,, for first magneti-
parametek, for each material. In the case of Li:f;é¢he two  zation step in(a) Na:Fg and(b) Fe,,. Data points are from Ref. 5,
steps which have been characterized give an independeaid solid lines are fits using E(p) with the parameters in the table.
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FIG. 3. Angular variation of critical fieldB.; (a) andB,, (b) in FIG. 4. (a) MagnetizationM (B) for Na:Fg from ED for field
Li:Feg. Data points are from Ref. 2, and solid lines are fits usingangles¢=0, m/4, and 7/2. (b) Magnification of S=0—1 step
Egs.(6) and(9) with the parameters in the table. region, illustrating anisotropy-induced variationBg, and vertical

nature of step.-
observed in the same projection on the field direction.

Although the ratiosk,/J are rather small, being at most We work with arbitrary field angle and strength and with
on the order of 1%, we note that the definition of the terms infocus on the experimental parameter regimes for Nadfel
Egs. (2) and (3) includes a factor ofS%. Comparison of Féio (Table ).

AB./2 with BY; gives a more realistic reflection of the effec-
tive anisotropy term as an energetic effect on the order of
10%. The fitting procedure employed here bypasses the defi-
nition of an intermediate, effective model with parameters n
D, ; the results of Table | agree well with those of the origi-
nal works>? which were extracted by different methods and
with the only other known torque measureméhfhey are
also fully consistent with the energy scales deduced fro
analyses of low-temperature specific heat for Ng:Bad
Fey, (Ref. 9 and additionally for Li:Fg.X° The value ok, /J

A. Exact diagonalization

For Fg, N=6 spins S=3 require dealing with (3
1)N=46 656 basis states. This Hamiltonian matrix is emi-
nently accessible by the Lanczos exact diagonalizatim)
technique, which provides the lowest eigenvalues and their
corresponding eigenstates. For any angle of the field to the
rTf‘ing plane, the magnetization is given by

for Feyq is significantly smaller than that obtained in Ref. 4
based on earlier information.

IV. NUMERICAL SIMULATIONS

With this semiclassical background for the leading-orde
effects, we turn now to fully quantum-mechanical simula-
tions of the mode(1), with the minimal, uniaxial form of the
U term

N N N
H=02 §:S.1- 2 kS +ih- 2 S (10

r

JE
M= B (Sy)ycosy+(S,)siny, 11
where (S,)=3N (S ,) is the ground-state expectation
value of component of the total-spin operator. The results
are shown in Fig. &) for Fe;, with kg‘az 0.0134, and for
angles =0, /4, and w/2. The magnetization displays
clearly the stepped form, with the step position varying as a
function of field angle, which is observed in experiment and
expected from the rigid-rotor modés) of Sec. Il. From the
location of the steps in field at each angle, we find that the
model [Egs. (7) and (9)] is in quantitative agreement with
simulations at the 3—5% level. Given its inherent approxima-
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i
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; -0.50 . :
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o ] FIG. 6. Torque curve of Na:kefor = /4. (a) Detail at low
FIG. 5. MagnetizatiorM (B) for an Fg ring from ED (a) for  fjg|ds; (b) full field range.

field anglesy=0, 7/4, and 7/2 at anisotropyk,=0.0272 (twice
that in Na:Fg), and (b) with field angle = 7/2 and anisotropy

i Na Plateau rounding effects are contained in the semiclassical
valuesk,=0, k;°, and X;".

theory* and may be compared at the qualitative level.

tions, the rigid-rotor description is remarkably satisfactory in In Fig. 6@ is shown the low-field torque

Fhe exp.erimentally relevant regime of weak anisotropy which T,=—gusB((S)cosy—(S)siny). (12)
is considered here.

The field resolution in these simulations was 0.001 at thd=or the geometryy= /4 (illustrated, where the torque is
steps in the units given. One observes that the magnetizatignaximal, it takes the form of a simple difference between the
steps are vertical, as shown in Figbjaround the first step. X andz spin components. As shown in Fig(, at higher
However, for anglesy+0 they do not have the full height fields this quantity is maximal around the fourth plateau,
AM=1. This feature, and the curvature of the magnetizatiorthen decreases, changes sign, and adopts a negative constant
“plateaus,” are illustrated more clearly in Fig(& for the  value beyond saturation at the 15th plateau. Such behavior
same angles, but with the anisotropy takenkas 2kzNa. may be understood from the asymmetric field evolution of
They may be understood as a natural consequence of zerl€ spin components in the presence of a finite easy-axis
point transitions between the energy levels of different spirfhisotropy benefiting one of them. The torque curve, which
sectorsS, allowed by the Hamiltoniar(10) and are most is di_rectly experimentally acce_ssiple, _is thus characterized by
clearly visible in the magnetization close to the step fieldsvertical steps at the magnetization jumps, doubly rounded
B.,. These are enhanced over a broader region of field@lateaus, and a distinctive variation in step heights. The first
around any stejB., as the field angle approaches= /2, WO features may be e_xpected to be visible at th(_a lowest
and the system realizes more closely the optimal geothetryf€émperatures available in f£systems, but the evolution of
of two degenerate spin states corresponding to thel dec-  St€p heights would be hard to measure because of the high

tor n lying along =z. Fig. 5b) shows the magnetization fields involved.

curve for geometryys= /2 for three anisotropy valuels, ] . o

=0, k8, and &)@, It is clear that in the absence of the B. Density-matrix renormalization group

on-site anisotropy term no quantum transitions may occur, The DMRG techniqu¥ is a powerful method for simu-
because the Hamiltonian offers no mixing terms. Deviationdating the low-energy properties of one-dimensional systems,
of the critical fields from their unperturbed valuBgn, and  which can be much larger than those accessible by ED. Its

also the rounding of the plateaus, increase strongly Wjth  extensions to periodic systems and to high spins sucB as
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FIG. 8. Torque curve of Rg for ¢= /4. (a) Detail at low
FIG. 7. (@) MagnetizationM (B) for Feo from DMRG for field  fie|ds: (b) full field range.

anglesy=0, w/4, and#/2. (b) M(B) for field anglew/4 over the

full field range, illustrating the 25 steps to saturation. magnetization response at high fields, which has 25 steps

=3 are conceptually straightforward, but require considercorresponding to théS, manifolds available between zero
able numerical effort due to the large spin degree of freedonand full saturation.

and, for anisotropic ring systems in a field, the absence of Fig. 8 illustrates the torque for kgat s= /4. The quali-
symmetries. In our numerical calculations, we retain at leastative similarity between Fig.(@) and the data of Ref. 5 for

80 states and use a finite-size algorithm with 3—5 sweeps fdhe evolution of step heights is worthy of note, although the
each case. With these conditions, the results are altered isiata at 0.45 K have too much thermal broadening for mean-
less than 1 part in foon adding more states or more Sweeps_ingfu| comparison with the pI’EdiCtiOI’lS for critical-field loca-
We present here the first results of simulations of this kindions and plateau rounding. However, because the critical
(Figs. 7 and 8 As for the ED results above, these afe field in this system is four times smaller than in Na;Fee

=0 data and show essentially the exact magnetization an@ossibility arises of a detailed experimental characterization
torque response of 10-site rings for the minimal model of Eqof this curve over the first five plateafistollowing the

(1). Because the DMRG method applied to a sufficientlytorque response to high field&ig. 8(b)] shows that the
small systen(up to eight sitesinvolves a very similar trun- maximal value appears around the sixth plateau, and satura-
cation to Lanczos ED, the results of simulations on Ng:Fetion occurs after the 25th.

are identical to Figs. 4—6; this provides a useful check of
both techniques, and obviates further discussion of this sys-
tem by DMRG.

Figure 7 shows the magnetization curve of,J®r the The rigid-rotor model of Sec. Il corresponds to the kinetic
physical parameter valukl’=0.0088. The qualitative fea- limit of a particle moving in a weak potential, and thus is
tures of step location and plateau rounding with angles whiclguite suitable for the real Eeand Fg, systems where the
are visible in the first three stepBig. 7(a)] are as in Figs. 4 anisotropyk, is weak, and thus the barrier height is small. In
and 5. Their relative sizes are similar to Na;Because the addition to the energy levels and step positions discussed in
smaller value ok, is offset by the larger value di. Indeed, Sec. lll, the Hamiltonian(3) may be extended in second-
the plateau rounding af= /2 is found to be more pro- order perturbation theory to give a qualitative description of
nounced for Fg than for Na:Fg, while, as emphasized the rounding of torque and magnetization plateaus. By con-
above, the step remains vertical; the field increment in Figtrast, the Lagrangean of EQ) is most appropriate for the
7(a) is 0.0125 in the units displayed. Fig(bj shows the tight-binding limit of a particle in a strong potential and for

V. DISCUSSION
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the semiclassical description of tunneling dynamics. Thisspin states in the composition of the ground state, of either
formulation gives a useful qualitative account of the energy-‘extrinsic,” meaning crystal misalignment or twinning, or
level splitting and of tunneling processes which result in pla-‘intrinsic” origin, meaning additional interaction terms not
teau rounding, but is not applicable to the experimentacontained in Eq(10). More interesting still is the second
curves at low temperatures. The numerical simulations refeature. An intrinsic origin for this effect implies a term in
main the most reliable source of quantitative torque andhe Hamiltonian permitting transitions afS,=*1. Such
magnetization data for the real system parameters. terms do not arise from biaxial anisotropy, particularly in a
With regard to the possibility of observing quantum co-INg geometry. This in turn may indicate a possible role for
herent tunneling of the N vector in ferric wheel systems, Superhyperfine interactions with proton spins binsites
we stress first that this is not possible in thermodynamid'eighboring the metallic ions. However, a stiftipf this
measurements of the type considered here. The unambiguoleraction in Fg, has found that its effects are too small by
observation of quantum coherence requires measuring tH&@me orders of magnitude to explain the observed broaden-
evolution of the quantum state over several oscillation cycled"d- Similarly, hyperfine interactions with the Fe nuclear
without scattering into a different state, which necessitate§Pins may be excluded because the natural abundance of
time-resolved experiments and a discussion of decoherenca €, the only species with nonzero nuclear spin, is so low.
However’ from the semiclassical formu|atfwne may esti- The most realistic intrinsic pOSS|b|l|ty is that the Step width
mate the parameters for quantum oscillations in the six- angePresents the energy scale of intermolecular interactions, as
10-membered ring systems, using the parameters in Table &1y coupling between the moments of neighboring rings
The values of the tunnel splittinghe maxima in the sinu- Wwould broaden the magnetization response. The observed
soidal function ofB) are 11.4 K(235 GH2 for Na:Fe, 8.98  full width of the first step at 40 mﬁls 0.4 T, which would
K (185 GH3 for Li:Feg, and 2.18 K(45 GH2 for Fey,. _correspond to an effective m_teractlon _of Q.14 K per Fe_atom
These are very large values of the order of the barrier heighft €ach ring. While the possible contributions to such inter-
and attempt frequency, implying the presence of very few act|(_)ns are difficult to quantify, S|mple geometrical consid-
or 2) bound states in each potential minimum. However, be£rations based on the crystallographic strucfisaggest that
cause the resonance frequencies are so high, one may reaf@e long-range dipolar component could indeed be of this
tically expect to be able to observe a representative numbérder. Independent of the exact mechanism, any intrinsic
of coherent oscillations within the decoherence time. step broadening requires coupling of an individual ring to an
On the strength of the thermodynamic studies analyze§Xternal system, and so the broadening energy scale may be
here, we may state that the magnetization and torque curvé@ken as an inverse decoherence time for the purposes of
do appear to demonstrate that the desirable physical situatigiantum coherence studies. -
for quantum coherendds realized. This consists of two, A candidate extrinsic origfhis that molecules at the crys-
near|y degenerate, |ow_|ying energy |eve|S’ Suitab'y Sepatal Surface may haVe d|fferent Iatt|Ce parameters due to SOI'
transitions through a barri¢due to the easy-axis anisotrgpy U€s corresponding to altered interaction strength§his
key property of coherence cannot be shown only by thermo'cr'ltlcal fields compared to Fhe. bulk response. Crystal mosa-
dynamic measurements, such as magnetization. The expel@ity presents a further extrinsic possibility for step broad_en-
mental and theoretical aspects of this question have bedAd. in that molecules with different angles to the applied
extended analysis of the quantitiggne-dependent correla- w_ould corre_spond to a quasi-Gaussian angular_dlstrlbutlon
t|on functlons Wh'Ch may be measured or Computed analytl_wrth a fu” W|dth0f 9.20, a rather |arge numbel’ WhICh Sh0U|d
cally and numerically to provide additional insight into quan- be readily falsifiable from x-ray structural data. A more de-
tum coherence will be presented in a future publicatfon.  tailed analysis of these possibilities is deferred until 'fur_ther
We conclude our analysis with a brief discussion of itsexperimental data emerge to clarify the issue of extrinsic or
relation to experiment. The existence of magnetization andntrinsic origin.
torque steps, their locations for different field geometries and
their heights are in good agreement with torque magnetom-
etry results obtainedfor Fe; and Fg, samples at tempera-
tures of 0.45 K. We stress again that the simulations for the We have presented a detailed analysis of the magnetiza-
minimal model of Eq(10) show a vertical step at the appro- tion and torque response of the molecular magnetic systems
priate critical field for all field angles. However, the recent, Fe; and Fg,. The step structure with critical field3;,, and
highly accurate results obtairfetbr the first torque step in  the variation ofB,,, with field angle to the ring plane are
Na:Feg at temperatures down to 30 mK show two importantreadily understood from low-spin subspaces of a rigid-rotor
features not reproduced by simulations of the model. One islamiltonian with weak spin anisotropy. Numerical simula-
the linear torque response observed for$se0 plateau, and tions of the minimal but fully quantum-mechanical model
the other a temperature-independent field broadening of théemonstrate clearly a vanishing step width, accompanied by
magnetization steps. a rounding of the plateau regions even at zero temperature.
The first feature may be caused by admixtures of higherThese features can be related to those zero-point transitions

VI. CONCLUSION

184409-7



B. NORMAND, X. WANG, X. ZOTOS, AND DANIEL LOSS PHYSICAL REVIEW B63 184409

permitted within this model when the system is close to magfresolved measurements of quantum coherent tunneling of the
netization steps, where energy levels of different spin statelleel vector.

are in close proximity. The differences between simulation
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