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The dynamic properties of the cyclic hexanuclear ironsIII d complex Fe6striethanolaminate 3-d6 are studied
by electron spinsESRd and 1H nuclear magnetic resonance. We analyze the angular and temperature depen-
dence of the ESR absorption lines at 9.4 GHz in the magnetic field range up to 1 T, the temperature dependence
of the 1H longitudinal relaxation rateT1

−1 at 1.2 T, and the magnetic field dependence ofT1
−1 between 12 and

17 T at 0.2, 1.5, and 5 K. The influence of the intermolecular dipolar interaction on the resonance properties of
the Fe6striethanolaminate 3-d6 complex is numerically calculated. The discussion of the experimental results
indicates the importance of spin-lattice relaxation processes for the understanding of the dynamics of the iron
ring.
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I. INTRODUCTION

Cyclic polynuclear ironsIII d complexes realize molecular
rings of antiferromagnetically coupled spinss=5/2. The
static magnetic properties of these rings resemble those of
infinite spin chains. The static magnetic susceptibility is de-
termined by the exchange couplingJ of the spin-5/2 ions
and follows the temperature dependence expected for infinite
spin-5/2 antiferromagnetic Heisenberg chains,1 provided
that the temperature is high enough to hide the discrete en-
ergy level structure of the finite spin system due to thermal
excitations. The dynamic properties of cyclic polynuclear
metal complexes have been studied by Mössbauer
spectroscopy,2 inelastic neutron scattering,3 and nuclear mag-
netic resonance techniques.4 The detailed measurements of
the nuclear spin relaxation of the protons surrounding the
ironsIII d ions of Lascialfariet al.4 showed that the longitudi-
nal relaxation is characterized by a peak of theT1

−1 rate in the
temperature range aroundT<30 K and a linear increase for
T*100 K.4sad The peak was attributed to the special contri-
bution of the first excitedS=1 state and reflects the discrete
energy level structure of the finite spin system whereas the
T1

−1 rate at high temperatures reflects the quasicontinuum of
the large number of excited spin states. For an overview of
recent NMR results and further dynamics properties of cyclic
polynuclear ironsIII d complexes see Ref. 5.

The dynamic properties of antiferromagnetically coupled
molecular ring systems attracted also considerable theoreti-
cal interest. It was shown that the dynamics of the Néel
vector nW ~oi=1

N s−1disWi is characterized by quantum rotations
for low magnetic anisotropy and by coherent quantum tun-
neling if the magnetic anisotropy is large enough.6 The con-
ditions for the existence of macroscopic quantum coherence
in molecular magnetic rings were determined by semiclassi-
cal and exact diagonalization techniques,6–8 and it is only
very recently that the phenomenon was observed by inelastic
neutron scattering.9 For symmetry reasons electron spin reso-

nancesESRd experiments are sensitive to the dynamics of the
total spin but not to the motion ofn(t).6sbd As far as NMR is
concerned, the correlation function ofn(t) should in prin-
ciple, in the close vicinity of the level crossings, affect the
relaxation rateT1

−1 and even the line shape, with the appear-
ance of satellite lines, provided the tunneling is coherent
enough.8 Only an analysis ofT1 seems to be a viable experi-
mental approach ton(t), since the satellite lines are probably
unobservable in a NMR experiment. The spin-spin relaxation
ratesT2

−1d of these lines is expected to be of the order of the
decoherence ratesa few millikelvinsd, by far too fastsi.e., T2
is too shortd to allow a pulsed NMR signal detection. Even if
we coulda priori detect the signal by doing a continuous-
wave NMR, the corresponding linewidths0.1–1 GHzd would
be too broad to allow any realistic recording of the spectrum.

In this paper we will discuss the spin dynamics of the
ironsIII d ring as it can be observed by ESR and NMR experi-
ments, and we will point out the mutual relation between the
results obtained by ESR and NMR experiments. The spin
dynamics is determined by the intramolecular exchange in-
teraction, the on-site anisotropy of the ironsIII d spin, and the
intramolecular dipolar interaction. These interactions deter-
mine essentially the energy level structure of the spin states
of the ironsIII d ring. Their magnitudes can be fixed by mag-
netization measurements in high magnetic fields,10 neutron
scattering,11 or ESR measurements.12 The finite width of the
ESR absorption lines indicates that also intermolecular and
spin-phonon interactions have to be considered. The intermo-
lecular dipolar coupling is determined by the crystal struc-
ture and can be used to calculate the temperature and mag-
netic field dependence of the nuclear spin-lattice relaxation
T1

−1 rate, as well as the properties of the ESR lines. The
calculation provides a quantitative basis for the discussion of
the experimental results and reveals the crucial importance of
spin-lattice relaxation processes.

The spin cluster Fe6striethanolaminate 3-d6 fFe6stead6g is
chosen as the model compound.13 The crystals form hexago-
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nal prisms which can easily be oriented and the static mag-
netic susceptibility as well as ESR measurements12a,12bchar-
acterize Fe6stead6 as an ideal hexagonal ring system. The
properties of Fe6stead6 are explained in Sec. II together with
details of the ESR and NMR techniques. Section III reports
the experimental results. Section III A shows the ESR mea-
surements at the microwave frequency of 9.44 GHz, in the
magnetic field range up to 1 T. Section III B presents the1H
NMR results, which were measured at 1.2 Ts1H Larmor
frequency of 52 MHzd and, at the Grenoble High Magnetic
Field LaboratorysGHMFLd, in the field range between 12
and 17 Tsi.e., 510–723 MHzd. The ESR measurements are
analyzed in Sec. IV A and the NMR results in Sec. IV B. The
conclusions are given in Sec. V.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The hexanuclear spin cluster compound
fFe6stead6g ·6MeOH was synthesized by Geißelmann.13 Six
ironsIII d ions are coordinated and magnetically coupled by
the triethanolaminate 3-stead ligand fFig. 1sadg.13 The mo-

lecular symmetry is 3̄and the space groupR3̄ with the lattice
parametersa=23.9866 Å and c=8.9549 Å. Figure 1sbd
shows the arrangement of the iron rings in the crystal struc-
ture.

The magnetic properties of the Fe6stead6 complex have
been determined by ESR at 94 GHzsW bandd and magnetic
susceptibility measurements12a,12b and can be described by
the following spin Hamiltonians:

Hex = − Jo
i=1

6

sWisWi+1, sW1 = sW7, s1ad

Hligand= do
i=1

6 Fssi
cd2 −

1

3
ssWid2G , s1bd

Hdipole= sgmBd21

2o
iÞ j

6
3

2
s1 − 3 cos2 Qi jd

1

r ij
3 Ssi

csj
c −

1

3
sWisW jD ,

s1cd

and

HZeeman= gmBBWo
i=1

6

sWi . s1dd

The Hamiltonian HFe6
=Hex+Hligand+Hdipole+HZeeman in-

cludes the Heisenberg exchange interactionHex, the on-site
anisotropy of the spinsWi , Hligand, which is caused by the
ligand configuration of the ironsIII d ion, the intramolecular
dipolar interactionHdipole sr ij denotes the vector connecting
spinsi and j , Qi j is the angle ofr ij with respect to the quan-
tization axis c, and mB is Bohr’s magneton, r i,i+1
=3.201 Å,Qij =90°d, and the Zeeman interactionHZeeman.

Hligand andHdipole are invariant with respect to the 3¯symme-
try of the molecule andHFe6

transforms like the total sym-

metric representation of the point group 6 concerning the
cyclic permutations of the indicesi. The intramolecular ex-
change constantJ/kB=−31.5 K was determined by measure-
ments of the static magnetic susceptibility and the parameter
of Hligand d/kB=−0.603±0.008 K by ESR at 94 GHz.12a,12b

sNsd2d/2J=2.15, and the condition for Néel vector tunneling
in zero magnetic fields,sNsd2d/2J.4,6b,9 is not satisfied.
The g factor is nearly independent of the magnetic field di-
rection,gi=2.0000,g'=1.9955, andg=2 is used inHZeeman
fEq. s1ddg. The degeneracy of the energy levels ofHex is
lifted by Hligand, Hdipole, andHZeemanand the spin states of
Hex are mixed due to the influence ofHligand and Hdipole.
Nevertheless, the magnetic properties of the molecule are
still dominated by the isotropic exchange interaction so that
the quantum number of the total spinS remains a useful
quantity for the characterization of the eigenstates ofHFe6

FIG. 1. sad “SCHAKAL” view of Fe6stead6 complex and the

surrounding six methanol molecules along the 3¯symmetry axissc
axisd. The large white spheres indicate Fe atoms and the small
white, gray, and black dots N, O, and C atoms, respectively. The
needles point to the H atoms. The asterisk indicates the H atom,
which is used for the calculation of the NMR properties.sbd View

of the relative arrangement of the iron rings perpendicular to 3.̄
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sFig. 2d. The sixfold symmetry of HamiltonianHFe6
with

respect to cyclic permutations is strictly conserved. This
leads to six irreducible representationsGt st=1,2,…,6d which
form orthogonal subsets of eigenstates even when a magnetic
field B is applied in any orientation.14 Figure 2sad shows the
low-energy range of the eigenvalue spectrum ofHex with the
spin and permutation symmetry of the energy levels. The
Zeeman effect of the first excited spin statesS=2 and 3 for
parallel and perpendicular field orientations is given in Figs.
2sbd and 2scd, respectively. Figures 2sbd and 2scd show also
the ESR transitions which will be discussed in the following.
The level crossing betweenG4sS=0d and the lowest level of
G1sS=1d for B'c was studied by1H NMR. The calculation
predicts the level crossing atBc=15.02 T. The smallness of
the 1H Larmor frequencys,640 MHz at 15 Td makes the
NMR technique particularly sensitive to small perturbations
which can prevent an exact level crossing as would be ex-
pected according to the Hamiltonian Eq.s1d. The perturba-
tion has to break the permutation symmetry ofHFe6

so that
eigenstates ofG1 and G4 symmetry are no longer strictly
orthogonal. The antisymmetric Dzyaloshinski-Moriya15

interaction reduces the permutation symmetry ofHFe6
whereas the symmetric pseudodipolar exchange interac-
tion15 behaves similarly to the dipolar interaction and does
not reduce the permutation symmetry ofHFe6

. The
Dzyaloshinski-Moriya interaction

HDM = o
i=1

6

DW s− 1dissWi 3 sWi+1d s1ed

is compatible with the molecular symmetry 3.̄ The vectorDW

is parallel to the molecular symmetry axis.HDM transforms
with respect to cyclic permutations of the indicesi like G4
and induces in first-order perturbation no splitting of the
GtsSd states. Therefore, its influence cannot be easily detected
in standard ESR experiments.HDM reduces the cyclic per-
mutation symmetry from 6 to 3, the states of symmetryG1
andG4 are no longer orthogonal, and a level anticrossing can

be expected. The influence ofHDM will be discussed in Sec.
IV B.

The small angular dependence of theg factor indicates
that theg tensors of the individual iron ions cannot be simply
replaced by a singleg value. Deviations of the localg factors
at the sites of the ironsIII d from the meang factor will also
reduce the permutation symmetry but, as will be shown in
the following, do not lead to a mixing ofG1 and G4 eigen-
states. The general form of the Zeeman Hamiltonian is
HZeeman=mBoi=1

6 om,m8gm,m8
i si

mBm8 ·gm,m8
i denotes theg tensor

of the iron ioni. Although the principalg values of the tensor
gm,m8

i are the same for each ion, the principal axes of the
tensors are different, so that the matricesgm,m8

i in the refer-
ence frame of the Fe6stead6 molecule are in general not iden-

tical. The application of the 3¯symmetry transformation leads
to the equationgm,m8

i =gm,m8
i+3 , which shows that only the Zee-

man energies of the ion pairsi , i +3 are equal, when a mag-
netic fieldBi”c is applied. The cyclic permutation symmetry
is thus reduced from 6 to 2, but the eigenstates of symmetry
G1 andG4 remain orthogonal, so that the Zeeman interaction
cannot induce a level anticrossing ofG1 andG4 states.

In the following sand in the Appendixd we give an over-
view of ESR and NMR data analysis as used in the present
work. The ESR experiment measures the microwave absorp-
tion which is given by the imaginary part of the dynamic
susceptibility16

xxx9 snd =
1

2"V
F1 − expS−

hn

kBT
DGE

−`

`

kMxstdMxs0dl

3exps+ i2pntddt. s2d

V is the volume of the sample, the microwave fieldB1 oscil-
lates along thex directionsthe static fieldB is applied along

zd, and MW denotes the total magnetic momentMW

=gmBo j=1
N SW s jd of a sample that containsN iron rings. SW s jd

=oi=1
6 sWi

s jd is the total spin of ringj , and sWi
s jd the spin of an

individual ironsIII d ion.
The longitudinal relaxation of the nuclear1H spin de-

mands more comments. It is assumed throughout the follow-
ing discussion that only the coupling of the1H nuclear spin
to the iron ring to which it is attached contributes to the
relaxation. The protons are coupled to the ironsIII d ions of
the ring by the dipolar interactionH1

dipolar=oi=1
6 "2sgsgI / r i

3d
3fsWiIW−3ssWirWidsIWrWid / r i

2g and the transferred hyperfine interac-

tion H1
hf="oi=1

6 AisWiIW which can both be written asH1
="sFzIz+F+I−+F−I+d with

Fz = o
i=1

6 F2

3
D0sidsi

z + D+1sidsi
+ + D−1sidsi

−G ,

F7 = o
i=1

6 F−
1

6
D0sidsi

7 + D±1sidsi
z + D±2sidsi

±G s3ad

for the dipolar coupling and

FIG. 2. sad Low-energy range of the eigenstates ofHex; sbd and
scd zero-field and Zeeman splitting of the lowest excited spin states
S=2 and 3 predicted by HamiltonianHFe6

fEq. s1dg for parallel and
perpendicular orientation of the magnetic fieldB, respectively. The
parameters ofHFe6

are given in the text. The transitions observed
by ESR at 9.44 GHz are indicated insbd and scd and characterized
by the numbers of the corresponding excited energy levels above
the ground state.
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Fz = o
i=1

6

Asidsi
z,

F7 = o
i=1

6
1

2
Asidsi

± s3bd

for the scalar hyperfine interaction. The geometrical factors
of the dipolar coupling areD0sid=ais3 cos2 Qi −1d , D±1sid
=ai sinQi cosQi exps7iwid , D±2sid= 1

2ai sin2 Qi exps72iwid,
with ai =3gIgS" /2r i

3.17 gI /2p=42.52 MHz/T denotes the
gyromagnetic ratio of the1H nucleus andgs/2p=gmB/"
=27.99 GHz/T withg=2. Thez direction is determined by
the direction of the magnetic field and the anglesQi andwi

specify the orientation of the vectorrWi with respect toBW . The
longitudinal relaxation for a spin-1

2 nucleus was calculated
by Moriya:18

1

T1
=E

−`

+`

kF−stdF+s0dlexps− i2pn0tddt

+E
−`

+`

kF+stdF−s0dlexps+ i2pn0tddt

= f1 + exps− hn0/kBTdgE
−`

+`

kF+stdF−s0dl

3exps+ i2pn0tddt. s4d

2pn0=gIB denotes the1H Larmor frequency. The shift of the
Larmor frequency due to the local magnetic field is small
scompare Fig. 8d and can be neglected, since the fluctuation
spectrum e−`

+`kF+stdF−s0dlexps+i2pntddt extends over a
large frequency ranges*200 MHz; see below and Figs.
10–12d. The nuclear relaxation is caused by the fluctuation of
the spinsWistd of the ironsIII d ions. The thermal oscillation of
protons in the solid state cannot contribute to the nuclear
relaxation since the corresponding frequencies are too high
s100 GHz or largerd. Most of the transition frequencies be-
tween the eigenstates of the iron ring are as well very much
larger thann0, so that only the operatorD±1sidsi

z of the dipo-
lar coupling can contribute toT1

−1 efficiently, since it also
allows for NMR transitions involving only one electronic
state. The operatorssi

± are effective when the separation be-
tween two energy levels is comparable with the nuclear Zee-
man splitting. Then both the dipolar coupling and the trans-
ferred hyperfine interaction can contribute to the nuclear
relaxation.

The description of the microwave absorption and the
nuclear relaxation leads to spectral densities of the general
form fsnd=e−`

` kAstdBs0dlexps+i2pntddt. The operatorsA
=o j=1

N As jd andB=o j=1
N Bs jd denote either the magnetic moment

of the sampleA=B=Mx=gmBo j=1
N Sx

s jd smicrowave absorp-
tiond, or the operatorsF± for the longitudinal nuclear relax-
ation sin this case the sum is reduced to one termN=1d. The
dynamics of the iron spinsWistd is dominated by the Hamil-
tonianHFe6

of the iron rings. In the case when all iron rings
within the sample are identical and independent from each
other, it is possible to calculate the spectral densityfsnd in

terms of the eigenvalues and eigenstates of one ringj ,
HFe6

s jd uml=Em
s jduml, and fsnd becomes

fsnd =
2p

Z
o

m,m8

exps− Em
s jd/kBTdkmuAs jdum8l

3km8uBs jdumldS sEm
s jd − Em8

s jdd

h
+ nD s5d

with Z=om exps−Em
s jd /kBTd. The spectrum offsnd consists of

d-shaped resonances atn=0 andnm,m8=sEm−Em8d /h, due to
transitions between the eigenstates ofHFe6

s jd . The intensity of

the resonances is determined by the eigenstates ofHFe6

s jd and

the operatorsSW s jd=oi=1
6 sWi

s jd andF±, respectively. The total spin

SW s jd=oi=1
6 sWi

s jd is important for the description of the ESR ex-
periments and transforms according toG1, so that only tran-
sitions between states with the same permutation symmetry
can be observed. In the case of NMR experiments the opera-
torsF± are formed by the individual spinssWi of the iron ions.
These spin operators can be decomposed into the irreducible
components of the permutation group. The even component
of sWi, which is proportional to the total spinsWG1

~oi=1
6 sWi

s jd,
dominates in most cases the nuclear relaxation, since the
conditionnm,m8=sEm−Em8d /h=n0<0 can be usually realized
only by eigenstates of the same symmetry. Only in the case
of the level crossing do other components ofsWi become im-
portant. In the case when the energies of the lowestG4sS
=1d and theG1sS=0d levels become nearly equal, the odd
component ofsWi, which is proportional tosWG4

~oi=1
6 s−1disWi,

can contribute to relaxation. Under these conditions the
NMR experiment becomes sensitive to the dynamics of the
Néel vectorn. Since the selection rules of the total spin

SW s jd=oi=1
6 sWi

s jd and the operatorsF± introduce differences be-
tween the spectral density of the ESR and NMR experiments
we use in the following the notationfESRsnd and fNMRsnd,
respectively.

The perturbation ofHFe6

s jd by spin-phonon interaction or by
an intermolecular spin-spin interaction is the reason that the
d functions in Eq.s5d have to be replaced by normalized
shape functions which have a finite width. The shape and
width of the resonances offESRsnd can be directly observed
by the ESR lines in the case of the microwave absorption
fEq. s2dg, whereas the shape and width of the resonances of
fNMRsnd enter into the description of the nuclear relaxation
via Eq. s4d. The understanding of the intensity, shape, and
width of the resonances offESRsnd and fNMRsnd is therefore
particularly important for the discussion of the ESR and
NMR results.

Since the intermolecular dipolar interaction is determined
by the crystal structure it is convenient to calculate its influ-
ence on the spectral density by the so-called method of
moments.19 The first three moments determine the intensity
m0=earoundn0

fsnddn, the shift of the resonance frequency due
to the perturbationm1=s1/m0desn−n0dfsnddn, and the width
of the resonancem2=s1/m0desn−n0d2fsnddn at n0=sEm

−Em8d /h. The spectral density around the transition fre-
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quencyn0 can be approximated by Gaussian linesfsndun<n0
=sm0/Î2pm2dexph−fsn−n0d+m1g2/2m2j. Higher moments
are necessary for the complete characterization of the reso-
nance lines. Explicit formulas for the calculation of the first
three moments in terms of the eigenvaluesEm

s jd and eigen-
functionsuml of the unperturbed Hamiltonian are reported by
McMillan and Opechowski20 and Zevin and Shanina.21 Their
formulas will be used in the following. Details about the
method of moments and the intermolecular dipolar interac-
tion are given in the Appendix.

When the perturbationH8 becomes time dependent due to
motion, the Gaussian line shape transforms into a Lorentz-
ian. The linewidth is narrowed according toDn<m2tc, when
the correlation timetc is shortÎm2, s1/tcd.22 The parameter
tc will not be used in the following.

III. RESULTS

A. ESR results

The ESR spectra of Fe6stead6 crystals were measured with
an ESP300E Bruker spectrometersn=9.44 GHzd, equipped
with an Oxford Instrument cryostat. In contrast to our previ-
ous work which focused on the position of the ESR reso-
nances in order to determine the parameters of the Hamil-
tonianHFe6

,12 we discuss in this paper the spin dynamics and
analyze the angular variation and temperature dependence of
the ESR linewidth. The contour plotsFig. 3d gives an over-
view of the angular variation\sB,cd of the spectra atT
=30 K. The first derivative of the absorption spectra are
measured in steps of 5°. The oscillating microwave fieldB1
was oriented perpendicular toc for all experiments. The

resonances can be assigned to transitions within the first ex-
cited statesS=1, 2, 3, and 4 by means of the Hamiltonian
HFe6

.
It is interesting to note that in the energy range between

the S=3 and 4 states there are four additionalS=1 and 2
statessG2,3,G5,6d for which no ESR signals could be de-
tected, which could be due to fast spin-lattice relaxationssee
belowd. Figure 4 shows the angular dependence of the ESR
resonance fields and linewidth which are assigned to the
transitionsS=1 s2↔3d, 2 s5↔6d, and 3s10↔11d scom-
pare Fig. 2d. The angular shift of the resonance fields can be
calculated by HamiltonianHFe6

and enables the assignment
of the ESR linesfsolid lines in Fig. 4sadg. The angular de-
pendencefFig. 4sbdg and the temperature dependence of the
ESR linewidth of the transitions within theS=2 and 3 states
for parallel and perpendicular field orientationsFig. 5d will
be discussed in Sec. IV A.

B. NMR results

For proton NMR atn0=52 MHz a Bruker CXP 200 spec-
trometer and an electromagnet were used with an Oxford
Instruments variable-temperature cryostat. Measurements be-
tween 12 and 17 T were performed at the GHMFL with a
home-built pulsed NMR spectrometer in a 17 T variable-field
superconducting magnet, within the standard variable-
temperature cryostat and in a dilution refrigerator. The crys-
tal orientation wasB'c during all experiments. The spin-
lattice relaxation timeT1 was determined by an inversion-
recovery spin-echo sequence with phase cyclingsp /2 pulse
length was 1.5msd. The long relaxation timess*1 sd at 200
mK fsee Fig. 7sadg were determined by a saturation recovery
spin-echo sequence. The relaxation of the magnetization at
n0=52 MHzsB=1.22 Td is monoexponential at all tempera-
turesfFig. 6sadg and theT1

−1 rate follows the expected tem-
perature dependence4sad which is characterized by a peak at
<40 K and a linear increase forT*100 K fFig. 6sbdg.

FIG. 3. Contour plot of the angular variation of the ESR spectra
at n=9.44 GHz measured in steps of 5° forT=30 K fblack swhited
indicates positivesnegatived signal intensityg. The resonances are
assigned by means of HamiltonianHFe6

fEq. s1dg and the param-
eters given in the text. The dashed lines are guides for the eye. The
resonances which do not shift with the orientation ofB originate
from impurities within the resonator.

FIG. 4. Angular dependence of the ESR lines measured forT
=25 K. TransitionS=1 s2↔3d, gray diamonds;S=2 s5↔6d, black
squares; andS=3s10↔11d, circles.sad Resonance field strength of
the ESR lines. The solid lines are calculated with HamiltonianHFe6
fEq. s1dg. sbd Experimentally determined linewidth andscd calcula-
tion of the linewidthssee Sec. IV Ad. The dotted lines are guides for
the eye.
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The T1
−1 rate in the field range between 12 and 17 TfFig.

7sadg has a peak due to a resonance between the nuclear spins
and the electronic spin dynamics of the ironsIII d ring, which
is caused by the crossing of the ground state and the first
excited energy level.23,24The enhancedT1

−1 rate around 15 T
can be described by a phenomenological approach as was
proposed by Affronteet al.25 However, in contrast to the
previously reported results for Fe6 and Fe10 compounds,23–25

the peak has a Gaussian instead of a Lorentzian shape and
can be approximated by the formulaT1

−1~expf−s"gIB
−Dd2/2G2g. D=gmBuBc−Bu denotes the energy gap in the

crossing region. The parameters areBc=15.61±0.03 T and
G=0.20±0.02 T. The half-width of theT1

−1 peak sDB1/2

=Î2 ln 2G=0.235 Td is comparable to the values observed
for the Fe6 f0.26 TsRef. 25dg and the Fe10 f1.04 TsRef. 24dg
compounds, and attributed to a temperature-dependent level
broadening.24,25The Gaussian shape of the peak results from
an intrinsic inhomogeneity of the Fe6stead6 system which is
discussed in Sec. IV B.

The measurements of theT1
−1 rate atT=200 mK are im-

portant for the discussion of inelastic processes, which could
be particularly important, in the vicinity of the level crossing.
The measurements at 200 mK reveal that the nuclear relax-
ation in the magnetic field range below and above the peak is
dominated by a two-phonon process, in which the phonons
bridge the gap between the ground state and the first excited
state of the ironsIII d ring. According to Orbach theT1

−1 rate is
given by T1

−1~ sD /gmBd3/ fexpsD /kBTd−1g,26 where D de-
notes the energy gap as before. The solid line in Fig. 7sad
shows the combined contributions due to the spin-phonon
relaxation and the resonance between the nuclear and elec-
tronic spin systems according toT1

−1=asD /gmBd3/
fexpsD /kBTd−1g+b expf−s"gIB−Dd2/2G2g with a
=3170 s−1 T−3 andb=1050 s−1, while the dashed line shows
only the contribution of the spin-phonon relaxation. The ex-
ponential increase of theT1

−1 rate is efficiently stopped and
reversed in the vicinity of the level crossing due to the
temperature-independent factorsD /gmBd3, which accounts
for the phase space of the phonons. It can be therefore ex-
pected that spin-phonon processes will not considerably in-
terfere with spin-spin processes in the range of the level
crossing, although excitations to higher-lying states might
actually prevent the spin-phonon relaxation from going to
zero at the level crossing.

The relaxation of the magnetization as a function of time
is shown in Fig. 7sbd for some selected field values atT
=1.5 K. The relaxation outside the crossing region is mo-
noexponential. The relaxation of the magnetization in the
field range around the peak starts with a fast decay at short

FIG. 5. Temperature dependence of the ESR linewidth for par-
allel and perpendicular field orientation. The experimental results
sdotsd are compared with the expected temperature dependence due
to the spin-lattice relaxation which is approximated by Eq.s7d
sdashed linesd and the contribution of dipolar intercluster interaction
ssolid linesd. The thick solid lines are obtained when the lowest spin
statesS=0, 1, 2, and 3 are included into the calculation. The dotted
lines result when all the spin states up toG4sS=4d are includedfsee
Fig. 2sadg, and reveal slight modifications only forB'c. The pa-
rameters are given in Table Isthe constant offsetDB0 for S=2
below T&30 K is not plottedd. The details are explained in Sec.
IV A.

FIG. 6. sad Relaxation of the magnetization.Mstart denotes mag-
netization which can be inverted andMsat the totally relaxed equi-
librium magnetization.sbd Temperature dependence of the1H T1

−1

ratessquaresd, B=1.2 T. The solid line shows the result of a calcu-
lation sthe calculation is scaled atT=30 K to the experimental
value; for details see Sec. IV Bd.

FIG. 7. sad T1
−1 rate measured forB'c in the field range of the

first level crossingscompare Fig. 2d. The solid line shows the phe-
nomenological description of theT1

−1 rate due to spin-spin and spin-
phonon relaxation as discussed in Sec. III B. The dashed lines
shows the expectedT1

−1 rate due to spin-phonon relaxation only.sbd
Relaxation of the magnetization forT=1.5 K.
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times and changes into a slow decay fort*6 ms. TheT1
−1

rate in Fig. 7sad denotes the slope of the relaxation curve for
t→0.

The spin-spin relaxation timeT2 was determined by a
two-pulse spin-echo sequence with phase cyclingspulse
length 1.5msd. For n0=52 MHz, theT2

−1 rate increases from
33 kHz atT=5 K up to 50 kHz atT,50 K and becomes
nearly temperature independent at higher temperatures. For
high frequencies andT=1.5 K, theT2

−1 rate is 32 kHz at 13 T
and 24.7 kHz at 17 T. The1H NMR spectra were obtained by
the Fourier transform of the free induction decay or of the
solid echosfor broad linesd. Figure 8 shows1H spectra mea-
sured at 1.5 K andB=11.6, 15.6, 17 T for perpendicular field
orientation B'c. The full width of the spectrum at half
height increases from 83 kHz atB=11.6 Tsn0=506.8 MHzd
to 186 kHz in the magnetic field range of the level crossing
Bc=15.6 Tsn0=663.88 MHzd up to 251 kHz at the highest
measured magnetic field strength ofB=17 Tsn0

=722.83 MHzd. The spectrum above the level crossing is
clearly split up, which is due to the presence of inequivalent
sets of protons, and the transition from a diamagnetic to a
paramagnetic system.

The inhomogeneous1H NMR spectrum is caused by the
strong dipolar interaction between the nuclear spins of the
neighboring protons at the carbon sitesscompare Fig. 1d and
the dipolar interaction between the nuclear spins and the
magnetic moments of the ironsIII d ions. The energy of a
nuclear spin I can be calculated by the approximate
Hamiltonian17

HI = "gIBIz + s"gId2o
I8

3

2
s1 − 3 cos2 QI,I8dS 1

rI,I8
D3

3SIzIz8 −
1

3
IW · IW8D + o

i=1

6 F"2gIgSs1 − 3 cos2 QI,si
dS 1

rI,si

D3

+ "AiGIzksi
zl. s6d

The first term is the nuclear Zeeman energy, which domi-
nates and determines essentially the resonance frequency.

The second term accounts for the dipolar coupling between
the nuclear spinsI and I8. The nuclear dipolar coupling is
independent of the strength of the applied magnetic field.27

QI,I8 denotes the angle between the vectorrWI,I8 and the exter-
nal magnetic field, which is oriented alongz. The third term
accounts for the dipolar and the hyperfine transferred inter-
action between the nuclear spinI and the spin of the ironsIII d
ions. It contains the static expectation valueksi

zl=s1/6d
3sxH/gmBd which makes the1H NMR spectrum dependent
on the magnetic field strength.QI,si

denotes the angle be-
tween the vectorrWI,si

and the external magnetic field.
The inhomogeneous1H NMR spectrum can be simulated

by calculating the resonance frequencies of all1H nuclear
spins according to Eq.s6d. Each resonance can be approxi-
mated by a Lorentzian line with the widthDn1/2=s2pT2d−1

shalf width at half heightd. The susceptibility of the iron ring
is nearly zero atT=1.5 K, B=11.6 T and it can be expected
that the 1H resonances are only shifted due to the dipolar
proton-proton interaction. The simulation predicts forB'c a
proton spectrum over a frequency range of 86 kHz. The mea-
sured 1H spectra reveal no fine structure and an intrinsic
linewidth of the proton resonance ofDn1/2,30 kHz has to
be chosen in order to simulate the experimental results. This
is more than what is expected from the experimentally deter-
mined T2

−1 rate, and points to some inhomogeneous line
broadening. The dipolar coupling between the magnetic mo-
ments of the ironsIII d ions and the protons becomes impor-
tant, when the average magnetic moment of the iron ring is
not negligible small. The magnetic moment of the iron ring
increases steplike in the magnetic field range of the level
crossing and the1H spectra starts to broaden with increasing
field strength. A simulation of the spectra based on the 72
protons of the Fe6stead6 ring predicts that the spectra of 48
protons are shifted up to higher frequencies whereas the
spectra of 16 protons are almost not shifted. A small group of
eight protons is expected to be shifted strongly to smaller
frequencies. The shoulder in the left wing of the1H spectrum
at T=1.5 K andB=15.59, 17 T confirms the results of these
simulations.

IV. DISCUSSION

A. ESR measurements

The contour plot in Fig. 9 illustratesxxx9 sn ,Bd for B'c,
x'c, andT=15 K as a function of the magnetic fieldB and
the frequencyn. The calculation ofxxx9 sn ,Bd includes the
momentsm0 andm2. The position of the resonances is deter-
mined by the intramolecular HamiltonianHFe6

and the shift
of the resonances due to the intermolecular dipolar interac-
tion which is determined by the first momentm1 is small and
can be neglected. The region in thesn ,Bd space, which can
be tested with the experimental parametersn=9.44 GHz and
0,B,1 T, is indicated by a solid line. In agreement with
the experimental results, Fig. 9 shows that the intensity and
the linewidth of the resonances become smaller when the
excitation energy of the involved spin states becomes larger.
It is possible to calculate the field strength, the linewidth, the

FIG. 8. Comparison between the1H NMR spectra measured at
T=1.5 K and n0=506.8 MHz sdashed line,B=11.9 Td, 663.88
MHz ssolid line, B=15.59 Td, and 722.83 MHzsdotted line, B
=16.98 Td. The spectra are normalized and the peak is adjusted to
n=0.
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angular variations\B,cd, and the temperature dependence
of the resonances.

The quantitative comparison between the experimental re-
sults and the numerical predictions is shown in Figs. 4 and 5.
The angular variation of the line position measured atT
=25 K for the transitionsS=1 s2↔3d, 2 s5↔6d, and
3 s10↔11d can be reproduced by the calculationfFig. 4sadg.
This confirms thatHFe6

correctly describes the energy levels
and spin states of the Fe6stead6 ring. Figure 4sbd shows the
experimentally determined angular dependence of the line-
width of the transitions S=1 s2↔3d, 2 s5↔6d, and
3 s10↔11d measured atT=25 K and Fig. 4scd the linewidth
predicted by the calculation of the second moment due to the
intermolecular dipolar interaction.DB1/2 denotes the half
width at half height of the absorption line independently of
the shape of the absorption line. The measured resonances
have Lorentzian line shapes whereas the calculation of the
second momentm2 can only describe Gaussian lines. The
Lorentzian line shape indicates the presence of fluctuations
which might be caused by small intermolecular exchange
interaction. The angular dependence and even the size of the
linewidth is well reproduced for transitions between the en-
ergy levels of theS=1 and 3 eigenstates. Characteristic dif-
ferences are found for theS=2 transition. The peaks ofDB1/2
for \sB,cd=60°,120° cannot be reproduced by the calcula-
tion. This indicates that not only the intermolecular dipolar
interaction but also additional interactions contribute to the
perturbation ofHFe6

.
The temperature dependence ofDB1/2 is another impor-

tant source of information. The solid lines in Fig. 5 show the
expected temperature variation due the dipolar intercluster
interaction, when the lowest spin statesS=0, 1, 2, and 3 are
included into the calculation. The dotted lines show the tem-
perature variation, when all spin states up to the first excited
S=4 states are includedfsee Fig. 2sadg. For Bic the modifi-
cation of DB1/2 is so small that the differences between the
two calculations cannot be resolved in Fig. 5. ForB'c there
is only a small reduction ofDB1/2 for T*30 K, when the
excited spin states are included into the calculation. There is
obviously no crucial influence of excited spin states on the
linewidth of the first excitedS=2 and 3 spin states. The

saturating behavior predicted by the calculation is experi-
mentally confirmed by theS=2 transitions below<35 K.
The linewidth increases strongly toward higher temperatures
and indicates the onset of spin-lattice relaxation. Evidence
that spin-lattice relaxation is important is given by the tem-
perature dependence of theS=3 transitions, which do not
follow the calculated temperature dependence at all. A phe-
nomenological description ofDB1/2 is possible in terms of
the Raman and Orbach processes.26 The dashed lines in Fig.
5 are calculated by the following formula:

DB1/2 = DB0 + aT7 +
b

fexpsDE/kBTd − 1g
. s7d

DB0 denotes the linewidth which is not caused by spin-lattice
relaxation. The parametersDB0, a, b, and DE are given in
Table I. DB0 is for S=2 andT&30 K not constant but tem-
perature dependent as was discussed above. The description
by Eq. s7d is not unique and may be considered as a param-
etrization of the experimental results. Therefore errors are
not given. It is, however, interesting to note that the line-
width of the transitionS=3 s10↔11d is clearly determined
by an Orbach process with an activation energy ofDE/kB
<131 K, which corresponds well to the excitation energy of
theS=3 energy levelsscompare Fig. 2d. DE is kept constant
for all the other transitions in order to reduce the arbitrari-
ness. The somewhat steeper slope of theS=2 s5↔6d transi-
tion leads to a small contribution of the Raman term. The
Raman contribution dominates the high-temperature line-
width of the transitionS=2 s4↔5d whereas the transition
S=3 s9↔10d needs both terms.

The analysis of the ESR results leads to the following
conclusions. The temperature range can be divided into a
high-temperature range above<35 K, which is dominated
by spin-lattice relaxation, and a low-temperature range,
which is determined by the Hamiltonian of the iron ringHFe6
and fluctuating perturbations inducing the experimentally ob-
served Lorentzian line shapes. In particular, theDB1/2 angu-
lar dependence of the transitionS=2 s5↔6d shows that the
intermolecular dipolar coupling is not the only contributing
perturbation. The phenomenological description of the spin-
lattice relaxation shows that each transition is specifically
influenced by phonons. This observation might explain the
experimental result that the transition of theG2,3 and G5,6 S
=1 and 2 energy levels cannot be observed by ESR measure-
ments although they are energetically in between theG4 sS
=3d andG4 sS=4d levels, which are observed by ESRfcom-

FIG. 9. Contour plot ofxxx9 sn ,Bd calculated forB'c, x'c, and
T=15 K sblack, high values ofxxx9 ; white, xxx9 =0d. The range that is
experimentally accessible with thex-band Bruker spectrometer is
indicated by the black line. The resonance lines are denoted by the
spin S and the numbers of the excited energy levels that are in-
volved in the transition.

TABLE I. The parameters of the spin-lattice relaxationfEq.
s7dg.

Transition DB0 G a sG/K7d b sGd DE sKd

S=2 s4↔5d 300 1.8310−10 436 131

S=3 s9↔10d 120 1.8310−10 4850 131

S=2 s5↔6d 150 3.3310−11 1924 131

S=3 s10↔11d 59 — 1915 131
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pare Fig. 2sadg. The spin-lattice relaxation rate is possibly
much larger for theG2,3 and G5,6 than for theG1 and G4
levels.

B. NMR measurements

The longitudinal relaxation of the1H nuclear spin is
dominated by the fluctuations of the magnetic moment of the
ironsIII d ions. In the case that each1H nuclear spin could
relax independently from its neighboring protons simply due
to the direct dipolar coupling with the spins of the iron ions,
one would expect a broad distribution of relaxation times
caused by the large number of magnetically unequal protons
f72 in the Fe6stead6 complexg. The experimental results re-
veal in general a monoexponential decay of the longitudinal
magnetization. This is caused by diffusive processes due to
mutual spin flips of neighboring protons, which establish a
common spin temperature. Since the analysis of the averag-
ing processes is complicated17,28 the following discussion of
the 1H T1

−1 rate is restricted to one proton, which is coupled
via the dipolar interaction with the fluctuation spectrum of
the ironsIII d ions. Important conclusions can be drawn from
the analysis of the fluctuation spectrumfNMRsn0d
=e−`

+`kF+stdF−s0dlexps+i2pn0tddt, which leads to the longi-
tudinal relaxation of the nuclear proton spins.fNMRsn0d is
calculated for the proton indicated by an asterisk in Fig. 1sad
sthe shortest1H-Fe distance is 3.095 Åd. The contour plots of
T1

−1sn ,Bd for B'c, T=15 K, B,5 T and for B'c, T
=3 K in the field range of the first level crossing are shown
in Figs. 10sad and 10sbd, respectively. The solid lines indicate
the variation of the1H Larmor frequency with the magnetic

field strength 2pn0=gIB. In contrast to the experimental re-
sultssFigs. 6 and 7d, the largestT1

−1 rate in Fig. 10sad is by a
factor of 20 smaller than in Fig. 10sbd. This results from the
termsD0sidsi

7 andD±2sidsi
± in Eq. s3ad, which contribute in

the field range of the level crossing. It is interesting to note
that the termD0sid is not only important in the range of the
level crossing, but enters also into the description of the
transversal relaxationT2

−1 rate by the term2
3D0sidsi

z in Fz fEq.
s3adg which contributes to the zero-frequency fluctuations.
The measuredT2

−1 rates are indeed at least by a factor of 10
larger than the largestT1

−1 measured rates. A possible expla-
nation for the reducedT1

−1 rate in the range of the level
crossing is given below.

Figure 10sad shows that transitions between excited spin
statessS=1, 2↔3 andS=2, 5↔6, 7↔8d contribute toT1

−1

for small magnetic field strengths. The intensity of then=0
contributionm0

sn=0d increases with increasing magnetic field
strength and dominates theT1

−1 rate at 52 MHz. The width of
the fluctuation spectrum increases slightly with the strength
of the magnetic field.Dn1/2<400 MHz atB=1.2 T andn0
=52 MHz seems to be large when compared with the1H
Larmor frequency, but reasonable ifDn1/2 is converted into
an ESR linewidthsDB1/2=2pDn1/2/gS<140 Gd.

Figure 10sbd illustrates the fluctuation spectrum in the
range of the level crossing aroundB=15 T andB'c calcu-
lated for T=3 K. There are two peaks of theT1

−1 rate—one
below and the other aboveBc=15.02 T. Figure 10scd shows
that the calculated magnitude of theT1

−1 peak above and
belowBc is different. This results from the termsD0sidsi

7 and
D±2sidsi

± in Eq. s3ad which dominate either on the left side or
the right side ofBc, respectively. AsymmetricT1

−1 peaks
which resemble our numerical results were recently observed
for a Cr8 ring.29

The width DB1/2.240 G fsee Fig. 10scdg of the calcu-
lated T1

−1 peak is by a factor of 10 smaller than the experi-
mental value. It is interesting to note that the calculated
DB1/2 is nevertheless in the range of the ESR linewidth dis-
cussed in Sec. IV A. Affronteet al.25 proposed that a level
anticrossing can effectively broaden the peak of theT1

−1 rate.
A level anticrossing can be induced by the Dzyaloshinski-
Moriya interactionfHamiltonian Eq.s1edg, which has there-
fore been included into the HamiltonianHFe6

. Figures 11sad
and 11sbd show the influence of the DM interaction and the
level anticrossing on the fluctuation spectrum aroundBc, cal-
culated withD /kB=0.01 and 0.02 K, respectively. It turns
out that the level anticrossing induced by the DM interaction
shifts the fluctuation spectrum of the iron ring already for
small values ofD out of the range of the1H Larmor fre-
quency, without inducing a broadening of theT1

−1 peak. Al-
though we cannot exclude the presence of a small DM inter-
action for the Fe6stead6 system, we note that the DM
interaction is not responsible for the broadening of theT1

−1

peak.
The calculated field value of the level crossingBc

=15.02 T is smaller than the experimental value of 15.63 T.
This cannot be attributed to an incorrect orientation of the
crystal, sinceBc is nearly independent of the angle\sB,cd
for perpendicular field orientation f<DBc/ \ sB,cd
=0.005 T/1 degg. On the other hand,Bc depends critically

FIG. 10. Contour plot ofT1
−1sn ,Bd calculated forsad B'c, T

=15 K, andB,5 T, andsbd B'c, T=3 K, in the field range of the
first level crossingsblack, high values ofT1

−1; white, T1
−1=0d. The

variation of the1H Larmor frequencyn0=gIB/2p is indicated by a
solid line. scd T1

−1 sarb.unitsd for n0=gIB/2p.
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on the exchange interactionJ, with DBc/DuJu=0.512 T/K
for perpendicular field orientation.Bc=15.63 T indicates that
the exchange interaction is stronger thanJ/kB=−31.5 K,
which was determined by static susceptibility measurements.
The fit of Bc yields J/kB=−32.7±0.2 K. The strong depen-
dence ofBc on the exchange interactionJ can also contribute
to the width of theT1

−1 peak if there is a distribution of
molecularJ values, which might be caused by small differ-
ences of the molecular configurations at low temperatures.
Due to the widthG=0.2 T of theT1

−1 peakssee Sec. III Bd, a
width of DJ/kB<0.4 K can be expected for the correspond-
ing distribution of exchange constants. This might be pos-
sible, since it is known thatJ depends critically on geometri-
cal parametersse.g., the relation betweenJ and the bridging
anglea1= \ sFe-O-Fed is J sKd=−2.91a1 sdegd+276,10sbd so
thatDJ/kB<0.4 K would correspond to an angular variation
of Da1<0.14°d. In general, it can be expected that the six
exchange constants of the ironsIII d ring will be modified in-
dependently from each other, when there is a distortion of the
molecular symmetry at low temperatures. The generalized
exchange HamiltonianHex=oi=1

6 −Ji,i+1sWisWi+1 can, however,
be decomposed into the six irreducible representations of the
group 6 of the cyclic permutations of the indicesi. The to-
tally symmetric component transforming according toG1
will replace the exchange Hamiltonian Eq.s1ad, i.e., the ex-

change constant will be replaced by the averageJ̄

= 1
6oi=1

6 Ji,i+1, and the values ofJ̄ will scatter aroundJ deter-
mined byBc. Concerning the other components ofHex, only
the component transforming likeG4 will influence the lowest
spin states and induce a level anticrossing between the
ground stateG4sS=0d and the first excited state ofG1sS=1d
at the magnetic field determined byJ̄. As for the DM inter-
action, the fluctuation spectrum can be shifted out of the
frequency range accessible by the1H Larmor frequency and
the corresponding molecule will not contribute to theT1

−1

peak. This might explain why theT1
−1 rate is considerably

smaller than expected and why there are—despite spin
diffusion—fast and slowly relaxing components of the
nuclear magnetization whenT1 is measured in the range of
Bc fcompare Fig. 7sbdg. The generalization ofHex will hardly
be detected by ESR experiments since neither the totally
symmetric nor theG4 component will modify in first order
the zero-field splitting of the spin states. TheT1

−1 peak of the
NMR experiment on the other hand will not reflect the
Lorentzian shape of the spectral densityfESRsnd detected by

the ESR experiment but the distribution ofJ̄ values within
the crystal, which might be a Gaussian function. Finally, not
only J but also the anisotropy parameterd can be modified
by distortions of the molecular geometry. The relation be-
tween the anisotropy parameterd and geometrical param-
eters was discussed in Ref. 10sbd and it turns out that there
exists a linear relation betweend and a special rotation angle
w according tod sKd=0.0196w sdegd−2.65. This leads to the
conclusion that the modification ofd due to geometrical dis-
tortions is ,150 times smaller than the modification ofJ,
and is therefore negligible. The fact that theT1

−1 peak is
broadened whereas the broadening of the ESR lines remains
within the expected range, although the ESR lines would be
strongly influenced by a distribution of thed values, con-
firms that the modification ofd due to geometrical distortions
is indeed negligible.

Figure 12 shows the temperature dependence of the mo-
ment m0

sn=0d and the half-widthDn1/2
sn=0d=Îm2

sn=0ds2 ln 2d of
the n=0 resonance forB'c and B=1.2 T. We show sepa-
rately the results of the calculation including the lowest spin
statesS=0, 1, 2, and 3ssolid linesd, the spin states up to the
first excited spin stateS=4 sopen circlesd, and all spin states
that are shown in Fig. 2sad sdashed linesd. m0

sn=0d follows an
activated temperature dependencefsee the Appendix, Eq.
sA1bdg, whereas the width of the fluctuation spectrumDn1/2

sn=0d

is predicted to become smaller with increasing temperature
since the contribution of theS=1 levels, which are important
at low temperatures, is reduced at higher temperatures. The

FIG. 11. Influence of the Dzialoshinski-Moriya interactionfEq.
s1edg on T1

−1sn ,Bd calculated forB'c, T=3 K in the field range of
the first level crossingsblack, high values ofT1

−1; white, T1
−1=0d.

The variation of the1H Larmor frequencyn0=gIB/2p is indicated
by a solid line.D /kB= sad 0.01, sbd 0.02 K.

FIG. 12. Calculated temperature dependence of the moment
m0

sn=0d and the half-widthDn1/2
sn=0d=Îm2

sn=0ds2 ln 2d of the spectral
density fNMRsn=0d calculated forB=1.2 T andB'c. Solid lines
and points: the calculation includes the lowest spin states up to
G1sS=3d and G4sS=4d, respectively. Dashed lines: all spin states
shown in Fig. 2sad are included.
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inclusion of excited spin states leads to a reduced width of
the spectral density forT*30 K. The influence on the width
of the spin states above the first excitedS=4 levels is very
small. Their influence on the intensitym0

sn=0d of the spectral
density is, however, not negligible. These results predict a
steep increase of theT1 rate without a maximum atTmax
<40 K fcompare Fig. 6sbdg. There are two scenarios that can
lead to an experimentally observed maximum of theT1 rate
in this temperature range. When the widthDn1/2

sn=0d of the
fluctuations is smaller than predicted by the calculation, the
1H Lamor frequency might become larger thanDn1/2

sn=0dsTd
above a certain temperature, which would efficiently reduce
the T1 rate. However, the temperature of the resulting maxi-
mum would in this scenario depend critically on the ratio
betweenn0 and Dn1/2

sn=0d, while the experimental results of
Lascialfariet al.4sad in the frequency range between 7 and 60
MHz reveal no frequency dependence ofTmax. Another pos-
sible explanation for theT1 maximum would be that the
spectral densityfNMRsn0d is broadened by the onset of spin-
lattice relaxation as can be observed for the ESR transitions
in the temperature range aboveT<35 K sFig. 5d. This
broadening effectively reduces the value offNMRsn0d at the
1H Lamor frequency and leads to a maximum of theT1 rate,
which indicates the onset of strong spin-phonon interactions.

V. CONCLUSIONS

We have studied the spin dynamics of the cyclic ironsIII d
system Fe6stead6 by ESR and1H NMR measurements. The
spin Hamiltonian of the Fe6stead6 molecule has been diago-
nalized and the eigenstates have been used to calculate the
influence of the intermolecular dipolar interaction on the
spectral densities, which determine the ESR lines and1H
nuclear spin-lattice relaxation rate. The calculation is re-
stricted to the second moment and neglects the contribution
of inelastic processes to the width of the spectral density,
which could be particularly important in the vicinity of the
level crossing. Despite these limitations, it is shown that the
calculation of the spectral density provides a valuable basis
for the discussion of the experimental results.

The angular variation of the ESR linewidth and the tem-
perature dependence belowT&35 K can be reasonably well
be described by this approach. The steep increase of the ESR
linewidth aboveT*35 K indicates the onset of strong spin-
phonon interactions which can be described in terms of the
Orbach and Raman processes. The temperature-dependent
measurements of the1H T1

−1 rate at 1.2 T reveal a maximum
of theT1

−1 rate in the temperature range around 40 K. It might
be that this maximum of theT1

−1 rate is also caused by the
onset of spin-lattice relaxation. The1H T1

−1 rate measured at
low temperatures in the field range between 12 and 17 T
shows the characteristic peak atBc=15.61 due to the level
crossing between theS=0 ground state and the first excited
level of theS=1 state. The comparison of the experimental
results with the analysis of the spin dynamics indicates that a
distribution of molecular distortions leads to iron rings with
different exchange constantsJ, which results in the large
width of the peak and its Gaussian shape.
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APPENDIX

One way to calculate the influence of a perturbation on
the resonances of the spectral densityfsnd
=e−`

` kAstdBs0dlexps+i2pntddt is the so-called method of
moments.19 The resonance lines are reconstructed by a small
number of moments. It was pointed out by van Vleck that the
Hamiltonian of the perturbation has to include only those
terms that commute with the Hamiltonian of the unperturbed
system. The truncated Hamiltonian of the perturbation is
called secular and the remaining terms nonsecular. The
method of moments can be applied when the mixing of the
wave functions due to the perturbation is small and the re-
sulting satellite resonances can be neglected. We take the
Hamiltonian of the iron ringsH0=o j=1

N HFe6

s jd as the unper-
turbed Hamiltonian and the intermolecular dipolar coupling
fEq. sA4d, see belowg as the perturbationH8. The method of
moments can be safely applied since no satellite resonances
due a perturbation could be detected in the ESR spectra of
the iron ring systems. Pryce and Stevens showed by means
of projection operators how the secular part can be
constructed.30 The intensitym0=earoundn0

fsnddn of the reso-
nance athn0=sEn−En8d is

m0 =
1

ZNTrfexps− PnH0Pn/kBTdPnAPn8Bg. sA1ad

Pn denotes the projection operators on the eigenstatesunl of
the total unperturbed HamiltonianH0. EquationsA1ad can be
easily calculated with the eigenstates and eigenfunctions of
the individual clusterHFe6

s jd uml=Em
s jduml:

m0 =
1

Z
o

m,m8

exps− Em
s jd/kBTdkmuAs jdum8lkm8uBs jduml,

sA1bd

wherehn0=sEm
s jd−E

m8
s jdd andZ=om exps−Em

s jd /kBTd.
The first momentm1=s1/m0desn−n0dfsnddn of the reso-

nance athn0=sEn−En8d describes the frequency shift of the
line due to the perturbationH8,

m1 =
1

h

1

m0Z
NTrfexps− PnH0Pn/kBTdsPnAPn8H8Pn8B

− PnH8PnAPn8Bdg, sA2d

and the second momentm2=s1/m0desn−n0d2fsnddn be-
comes
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m2 =
1

h2

1

m0Z
NTrfexps− PnH0Pn/kBTd

3 sPnAPn8H8Pn8H8Pn8B + PnH8PnH8PnAPn8B

− 2PnAPn8H8Pn8BPnH8dg. sA3d

m1 and m2 have been caculated by McMillan and
Opechowski20 and Zevin and Shanina21 in terms of the ei-
genvaluesEm

s jd and eigenfunctionsuml of the unperturbed
Hamiltonian. But the formulas are long and will therefore
not be reproduced here.

The intermolecular dipolar interaction is determined by
the crystal structure. It is therefore straightforward to calcu-
late the influence of the intermolecular dipolar interaction on
the spectral densityfsnd by the technique sketched above.
The secular part of the intermolecular dipolar interaction be-

tween a central and the neighboring iron rings is given by

H8 = sgmBd2o
i=1

6

o
jÞ1

o
k=1

6
3

2
s1 − 3 cos2 Qik

s jdd
1

sr ik
s jdd3

3Ssi
s1dzsk

s jdz −
1

3
sWi

s1dsWk
s jdD . sA4d

j denotes all the neighboring iron rings.sWi
s1d andsWk

s jd are the
spins of the central and neighboring ringj , respectively.r ik

s jd

denotes the distance between spinsWi
s1d and sWk

s jd. Qik
s jd denotes

the angle between the vectorrWik
s jd and the external magnetic

field, which is oriented alongz. All rings with the center to
origin distance smaller than 25 Å were included into the
calculation, namely, 28 rings around the central ring as
shown in Fig. 1sbd.
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