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A 1H NMR study in rings of iron „III … ions
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Two magnetic molecular clusters containing almost coplanar rings of iron~III ! ions with spin
S55/2 have been investigated by1H NMR and relaxation measurements. The first system, which
will be referred to as Fe6, is a molecule of general formula@NaFe6~OCH3!12~C17O4H15!6#

1ClO4
2 or

@NaFe6~OCH3!12~C15H11O2!6#
1ClO4

2 or @LiFe6~OCH3!12~C15H11O2!6#
1ClO4

2 while the second type of ring,
denoted Fe10, corresponds to the molecule@Fe10~OCH3!20~C2H2O2Cl!10#. The

1H NMR linewidth is broadened
by the nuclear dipolar interaction and by the dipolar coupling of the protons with the iron~III ! paramagnetic
moment. It is found that the nuclear spin-lattice relaxation rate,T1

21, of the proton is a sensitive probe of the
Fe spin dynamics. In both clusters,T1

21 decreases with decreasing temperatures from room temperature, goes
through a peak just below about 30 K in Fe6 and 10 K in Fe10, and it drops exponentially to very small values
at helium temperature. The temperature dependence of the relaxation rate is discussed in terms of the fluctua-
tions of the local spins within the allowed total spin configurations in the framework of the weak collision
theory to describe the nuclear relaxation. We use the calculated energy levels for the Fe6 ring based on a
Heisenberg Hamiltonian and the value ofJ obtained from the fit of the magnetic susceptibility to describe
semiquantitatively the behavior ofT1

21 vs T. The exponential drop ofT1
21 at low temperature is consistent

with a nonmagnetic singlet ground state separated by an energy gap from the first excited triplet state. The
values obtained for the gap energies areET /k512 K for Fe10 andET /k538 K for Fe6 which are almost twice
as big as the values deduced from susceptibility measurements. At all temperatures the relaxation rate de-
creases with increasing magnetic field, i.e., NMR resonance frequency. This effect could be related to the long
time persistence of the spin correlation functions typical of diffusive modes in low dimensional magnetic
systems. It is argued that the data presented are a direct experimental study of spin dynamics in mesoscopic
spin rings and should afford a test for exact analytical and/or numerical solutions.@S0163-1829~97!08621-9#
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I. INTRODUCTION

The magnetic properties of metal ion clusters are larg
studied for their implications in fundamental physics a
magnetochemistry.1–6 These systems provide mesoscop
size magnetic particles which have been recently recogn
as very interesting systems both for the study of fundame
magnetism and for possible applications. The attention
been focused mainly on the very low temperature reg
where clusters of high-spin ground state and Ising-type
isotropy ~examples are Fe8 and Mn12 clusters! can display
superparamagneticlike behavior7,8 with phenomena like bi-
stability and macroscopic quantum tunneling.9–11

The investigation of the spin dynamics over the who
temperature range should also be of great interest. In fact
can follow the evolution from the high temperature behav
of uncorrelated spins to the low temperature collective
havior. The condensation of the magnetic cluster into
ground state configuration could be viewed as the equiva
of the magnetic phase transition into a short range or l
range ordered state and the study of these finite systems
550163-1829/97/55~21!/14341~9!/$10.00
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provide a guide for the extrapolation of exact results on
limited number of spins to the thermodynamic limit.

Measurements of nuclear spin-lattice relaxation ra
T1

21, afford a powerful tool to investigate the spin dynami
since the nuclei probe the fluctuation spectrum of the lo
field induced at the nuclear site by the hyperfine interact
with the localized magnetic moments. Since the relaxat
rate,T1

21, is determined by the low frequency part of th
fluctuation spectrum one can probe the long time behavio
the local auto and pair correlation functions of the magne
moments which is not easily accessible with other te
niques. For example in one-dimensional~1D! magnetic
chains,T1

21 measurements have proved the long time dif
sive behavior of the two spin correlation function at hig
temperature.12 Furthermore, in two-dimensional~2D! and
three-dimensional~3D! magnetic systems, the slowing dow
of the spin fluctuations on approaching from the high te
perature side the phase transition to long range order is m
fested by a divergence ofT1

21 ~Ref. 13!.
Crystals formed of large magnetic molecules contain
14 341 © 1997 The American Physical Society
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14 342 55LASCIALFARI, GATTESCHI, BORSA, AND CORNIA
anywhere from 6 to 20 magnetic ions in simple geome
arrangements are very attractive for NMR studies. In fa
since generally the magnetic properties do not depend
intermolecular interactions one has access to the intri
magnetic behavior of each individual cluster although
NMR parameters are averages over all the nuclei in the c
tal. Ring shaped clusters appear to be particularly attrac
In fact they have been long used to extrapolate the ther
dynamic properties of one-dimensional magnets.14,15 Now
the developments in synthetic chemistry provide real obje
on which experiments can be performed to measure the t
sition from isolated spins to collective behavior. In th
present paper we report the results of an NMR investiga
of the spin dynamics in iron~III ! clusters in which the para
magnetic ions form rings lying in a single plane.16–18 We
have concentrated our attention on four different samp
which we label here and in the following with the letters A
D and whose general formula is

~A! @NaFe6~OCH3!12~C17O4H15!6#
1ClO4

2,

~B! @NaFe6~OCH3!12~C15H11O2!6#
1ClO4

2,

~C! @LiFe6~OCH3!12~C15H11O2!6#
1ClO4

2,

~D! @Fe10~OCH3!20~C2H2O2Cl!10#.

The structural and magnetic properties of these syst
have been already investigated.16–18Here we summarize the
features which are most relevant for our spin dynamical
vestigation. Samples A,18~a! B,17 and C@Ref. 18~b!# consist of
rings of six iron ~III ! ions arranged at the vertices of a
almost regular hexagon with a small deviation from cop
narity ~less than 0.1 Å! and with the alkali ion at the cente
The clusters have either crystallographically impos
~sample A! or approximate~samples B,C! S6 point-group
symmetry and show very similar magnetic behaviors. The
ions have spinS55/2 and are coupled by nearest neighb
antiferromagnetic exchange interaction estimated atJ
528.6 K for sample A,J528.8 K for sample B, andJ
520.6 K for sample C~the spin Hamiltonian being in the
form H5( i j JSi•Sj !. The ground state is a nonmagnetic s
glet state with totalS50 and the energies of the lowest-lyin
exchange multiplets obey a Lande’s interval rule. In orde
fit the susceptibility data it was necessary to introduce
small anisotropy of the order of 1% of the exchange inter
tion due to single ion plus dipolar anisotropic terms.18~a!

The sample D contains molecules in which 10 Fe io
form an almost coplanar ring~deviation 0.009 Å, referred to
in the literature as the ‘‘molecular ferric wheel’’! @Ref. 16~a!#
with approximateD5d symmetry.

16 Each ion carries a spin
S55/2 and the moments are coupled by antiferromagn
exchange interaction estimated to beJ513.8 K. The ground
state is a nonmagnetic singlet state of total spinS50.16~b!

The measurements of proton spin-lattice relaxation r
T1

21, are used here to investigate the spin dynamics of
rings of six and ten magnetic moments, respectively.
though there are many nonequivalent protons in the mole
we will argue that the parameters measured are aver
which are uniquely related to the spin fluctuation spectrum
the iron rings. In Sec. II we discuss the experimental det
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while in Sec. III we present the experimental results
T1

21 as a function of temperature and external magne
field. No theory of nuclear relaxation in mesoscopic ma
netic clusters is currently available. Thus in Sec. IV we d
cuss the results qualitatively pointing out similarities and d
ferences with the results in infinite linear chains for whi
theories do exist.

II. EXPERIMENTAL DETAILS

For the methods of synthesis, for the solid state struct
and for the magnetic properties of the compounds inve
gated we refer to the other publications.16–18

1H pulsed NMR experiments were performed on po
dered samples by using a Stelar Spinmaster/BHH broadb
pulse Fourier transform~FT! spectrometer in conjunction
with a variable field electromagnet which allowed to vary t
1H NMR frequency in the range 7–60 MHz. The temper
ture was varied in the range 4–298 K with an Oxford Inst
ments CF1200S cryostat using helium gas as heat excha
and the temperature was controlled and measured by m
of two thermocouples.

Thep/2 pulse length was between 2 and 6ms depending
on the operating frequency of the spectrometer. In all ca
the intensity of the radiofrequency field,H1 , is sufficiently
strong to irradiate the whole NMR line. Thus the spectru
was obtained directly from the FT of the free precess
decay ~FID!. The spin-lattice relaxation rate was obtain
from the recovery of the nuclear magnetization following
short sequence of saturating radio frequency pulses.

III. PROTON NMR RESULTS

A. Line shapes and linewidth

The 1H NMR spectrum in all the samples investigated h
a width which changes from a minimum of about 20 kHz
room temperature and low applied magnetic field up to
maximum of about 100 kHz at low temperature and at
higher fields. Thus in all cases the full spectrum could
reproduced by Fourier transformation of the free precess
decay or of half of the echo signal. The shape of the sig
also depends somewhat on temperature and applied fiel
most cases the signal is slightly asymmetric with two
three unresolved components. Due to the large numbe
protons present in the molecule, the shape of the spect
results from an average of the shapes typical of CH3, CH2,
CH groups with the further broadening due to the dipo
interaction among protons of different groups and of the p
tons with the Fe magnetic moments.19

In Fig. 1 and in Fig. 2 we plot the full width at hal
maximum~FWHM! for the A ~Fig. 1! and for the D~Fig. 2!
samples as a function of temperature for the lowest and
the highest frequency investigated. Data taken at interm
ate frequencies fall in between and are not shown for sak
clarity. The uncertainty in the experimental values is due
the difficulty in defining a linewidth for shapes which are n
symmetric and contain some unresolved structure. Howe
the general trend appears to be well defined. At low magn
field ~i.e., low resonance frequency: 7 MHz! the width is
about 45 kHz which is the order of magnitude of the rig
lattice nuclear dipolar broadening of CH3 and CH2 groups in
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55 14 343SPIN DYNAMICS IN MESOSCOPIC SIZE MAGNETIC . . .
organic molecules.19 At temperatures above 150 K the lin
narrows because of the onset of hindered rotations in
CH3 and CH2 groups~see Figs. 1 and 2!. This again is con-
sistent with what is generally observed in organic co
pounds containing similar proton arrangements.19 At low
fields only a dipolar solid echo is present while at high fie

FIG. 1. Full width at half maximum of the1H NMR line in Fe6
cluster ~sample A! plotted as a function of temperature for tw
different values of the applied magnetic field.

FIG. 2. Full width at half maximum of the1H NMR line for the
cluster Fe10~sample D! plotted as a function of temperature for tw
different values of the applied magnetic field.
e

-

s

one can observe a Hahn echo19 due to magnetic inhomoge
neous broadening. We conclude that at high magnetic fi
the spectrum is broadened inhomogeneously by the dip
interaction of the1H with the Fe moments which produce
distribution of local fields at the proton sites.

B. Nuclear spin-lattice relaxation rates

The recovery of the nuclear magnetization was alm
exponential for the measurements at low magnetic field
at higher temperature but a departure from exponentia
was observed in the measurements at low temperature an
high magnetic field. There are two sources for nonexpon
tial recovery. The first is due to incomplete saturation of t
broad NMR spectrum which leads to an initial fast recove
of the nuclear magnetization due to spectral diffusion. T
effect of spectral diffusion was minimized in most cases
using a saturation sequence of short radio frequency pu
Whenever a residual effect due to spectral diffusion w
present we disregarded the initial fast recovery of the m
netization which accounted for 20% of the total nuclear m
netization in the most unfavorable case. The second so
of nonexponential recovery is due to the presence in the m
ecule of nonequivalent protons, i.e., protons having a diff
ent environment of magnetic Fe ions and thus having a
ferent relaxation rate. At high temperature and/or lo
magnetic field the spin diffusion process characterized
T2 is fast compared toT1 and all 1H nuclei relax back to
equilibrium with a common spin temperature. In this case
recovery is exponential and the relaxation rate measu
T1

21, is a weighted average of the rates of the inequival
protons in the molecule.19 At low temperature and/or at high
magnetic field the width of the spectrum increases as
cussed in the previous paragraph and, as a consequenc
ergy conserving spin flip-flop processes are no longer
lowed and the spin diffusion becomes less effecti
Furthermore in some casesT1 becomes very short. Both cir
cumstances prevent the inequivalent nuclei from reachin
common spin temperature and the recovery of the nuc
magnetization results in the sum of more than one expon
tial. Whenever the recovery was nonexponential we deri
theT1 parameter from the recovery of the nuclear magn
zation at short times. In fact for a nonexponential recov
described by a weighted sum of exponentials:

n~ t !5@M ~`!2M ~ t !#/M ~`!5S i pi exp~2t/T1i !. ~1!

The slope att→0 of the semilog plot ofn(t) vs t yields an
average relaxation rateT1

215( i piT1i
21. Thus the relax-

ation rate results shown in what follows are the average
laxation rates for the different nonequivalent1H nuclei in the
molecule in all cases.

The temperature dependence of the nuclear spin-la
relaxation rate,T1

21, is shown in Figs. 3–6 for the differen
iron clusters. Figure 3 shows the results in the Fe6 r
~sample A! for different values of the applied magnetic fiel
The amplitude of the peak at low temperature, although
its position, is affected by the external magnetic field. F
ures 4 and 5 show the results in the Fe6 rings~samples B and
C, respectively!. We replot in the same figure also the resu
for sample A obtained at the same external magnetic field
order to compare sample A with samples B and C, resp
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14 344 55LASCIALFARI, GATTESCHI, BORSA, AND CORNIA
tively. The magnetic properties of the three types of F
rings are very similar to each other while the structure a
thus the number and the location of the protons are slig
different in the three samples. The fact that the tempera
behavior ofT1

21 and its value is comparable in all cas

FIG. 3. 1H nuclear spin-lattice relaxation rate,T1
21, plotted as a

function of temperature for the Fe6 ring~sample A! for different
resonance frequencies:~l! 7 MHz, ~,! 14 MHz, ~m! 31 MHz,
~d! 50 MHz, and~h! 60 MHz.

FIG. 4. 1H nuclear spin-lattice relaxation rate,T1
21, plotted as a

function of temperature for two different Fe6 rings. The measur
resonance frequency is 31 MHz in both cases.
6
d
ly
re

supports our assumption that the proton average relaxa
rate probes the spin dynamics independently of the ex
location of the protons with respect to the Fe~III ! ions. There
are other features which are worth pointing out and that
discussed in the following section. First the relaxation r
drops rapidly to a very low value below 20–30 K in a
samples. This is consistent with the notion that the grou
state is a nonmagnetic singlet state (S50). A similar expo-
nential decrease of the relaxation rate at low temperatur
observed in linear antiferromagnetic chains with a spin g
such as the one found in spin-1 systems20 and in spin-1/2
coupled chains.21,22 However, contrary to the linear chai
case, we observe a strong enhancement ofT1

21 which pre-
cedes the low temperature drop. We argue in the follow
section that the enhancement is a typical feature of the
dynamics of a finite size magnetic cluster and is related
the discreteness of the energy levels. A strong field dep
dence is observed in all cases whereby the intensity of
peak at low temperature is suppressed at high fields. Exp
mental features quite similar to those of Fe6 rings, were
served in theT1

21 relaxation rate of Fe10 ring~Fig. 6!.
Because of this fact, the physical principles leading
T1

21 behavior will be assumed to be the same as for F
~see next section!.

IV. DISCUSSION

The data for the linewidth presented in Sec. III A sho
that the 1H nuclei are coupled to the Fe~III ! magnetic mo-
ments and can thus provide information about the spin
namics through the nuclear relaxationT1

21 measurements
No specific theory has been yet developed to describe
nuclear-spin lattice relaxation in mesoscopic magnetic s
tems. We will use as a guideline the expressions forT1

21
g

FIG. 5. 1H nuclear spin-lattice relaxation rate,T1
21, plotted as a

function of temperature for two different Fe6 rings. The measur
resonance frequency is 14 MHz in both cases.



e
in

d
ag
e
s

ra

is

ith
l

e
f

x-
ear
ide
les
uate
ex-

nt
ob-
tion
av-

a-
out
w-
m-
ac-
s.
ule
e a
ef-
tant
ela-

so

55 14 345SPIN DYNAMICS IN MESOSCOPIC SIZE MAGNETIC . . .
which are used to interpret the data in dense paramagn
systems, with particular reference to 1D magnetic cha
without long range order.13

In the weak collision approximation we can write23

T1
215

gN

4 E
2`

1`

^h1~ t !h2~0!&exp~ ivLt !dt, ~2!

where vL5gN H is the nuclear Larmor frequency an
h6(t) is the component, perpendicular to the external m
netic field H, of the hyperfine interaction between th
nucleus and the Fe~III ! magnetic moment. Since the proton
do not bond directly to the Fe~III ! ions in neither Fe6 nor
Fe10 clusters we assume that the contact hyperfine inte

FIG. 6. 1H nuclear spin-lattice relaxation rate,T1
21, plotted as a

function of temperature for the Fe10 cluster at two different re
nance frequencies:~d! 14 MHz and~h! 60 MHz.
s
-
g

tic
s

-

c-

tion is negligible with respect to the dipolar interaction. Th
is confirmed by the observation that the1H NMR line is
broadened but not shifted by the magnetic interaction w
the Fe~III ! moment~see Sec. III A!. By expressing the loca
dipolar field in Eq.~2! in terms of the componentsSa

j of the
local electronic spins at sitej we can write

T1
2152gN

2gS
2\2S~S11!H S j , j 8a j j 8E

2`

1`

^S1
j ~ t !S2

j 8~0!&

3exp@ i ~vS6vL!t#dt1S j , j 8b j , j 8

3E
2`

1`

^Sz
j ~ t !Sz

j 8~0!&exp~2 ivL!t dtJ , ~3!

wherevS5gS H is the electronic Larmor frequency and th
coefficientsa j , j 8 andb j , j 8 are the geometrical coefficients o
the dipolar interaction.19,13

Equation~3! is the starting point to calculate the rela
ation rate in dense paramagnets. For example, in the lin
antiferromagnetic chain tetramethel ammonium chlor
~TMMC!, a detailed calculation based on collective variab
and the use of the random phase approximation to eval
the correlation function gave good agreement with the
perimental data.24

The coupling coefficients are different for inequivale
protons in the molecule and this is the reason why we
serve nonexponential recovery of the nuclear magnetiza
under certain conditions, whereby we always measure an
erage relaxation rate~see Sec. III B!. If the pair correlation
terms, jÞ j 8, in Eq. ~3! vanish as expected at high temper
ture, then the geometrical coefficients can be factored
and calculated independently of the spin dynamics. Ho
ever, when correlation effects become important at low te
perature the geometrical coefficient become weighting f
tors in the summation over the pair correlation function
Since there is a very large number of protons in the molec
and we measure an average relaxation rate it should b
reasonable approximation to factor out the geometrical co
ficients for all temperatures and introduce a single cons
representing an average over all protons and all pair corr
tions. Thus we rewrite Eq.~3! as

-

T1
215S j , j 8@AJ6

j , j 8~vL6vS!1BJz
j , j 8~vL!#5S j , j 8Sn,m exp~2bEn!@A^nuS6

j um&^muS6
j 8un&d„En2Em2~vL6vS!…

1B^nuSz
j um&^muSz

j 8un&d~En2Em2vL!#/Sn exp~2bEn!. ~4!
the
lus-

10
nc-

cal
in
The first term in Eq.~4! expresses the relaxation rate in term
of the spectral densityJ(v) of the electronic spin fluctua
tions. The second term in Eq.~4! is obtained by expressin
the correlation function in Eq.~3! as

^Sj
a~ t !Sj 8

a &5Tr$exp~2bH !exp~ iHt /\!Sj
a

3exp~2 iHt /\!Sj 8
a %/Tr exp~2bH ! ~5!
and can thus be written in terms of the matrix elements of
local spin components between eigenstates of the total c
ter spin system̂nu,^mu.

In the case of the Fe6 cluster and possibly for the Fe
cluster, one should be able to calculate the correlation fu
tions exactly from the calculated energy levels~see below!
and compare with theT1

21 data by using Eq.~4! although in
practice this could be a formidable task. Another theoreti
approach would be to expand the local spin variables
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14 346 55LASCIALFARI, GATTESCHI, BORSA, AND CORNIA
terms of collectiveq-dependent variables and make assum
tions about the spectrum of the collective excitations.23,24

However, this collective approach should be explored fi
theoretically in view of the objection that a small number
coupled spins may not sustain collective excitations at all
view of the complexity of the theory we limit ourselves he
to a semiquantitative analysis of the problem based on s
simplifying assumptions and on the comparison with res
obtained in 1D magnetic chains.

Let us first consider the room temperature results
T1

21 shown in Figs. 3–6. SinceJ/k!300 K the Fe spins are
uncorrelated in this high temperature limit. From the exp
sion of the correlation function in Eq.~5! for short times
Moriya23 obtained the expression valid for dense 3D pa
magnets:

T1
215

g2

4
A2

A2p

vex
, ~6!

whereg is the nuclear gyromagnetic ratio,A is the local field
at the nuclear site, and the exchange frequency is given
vex
2 52zJ2k2S(S11)/3\2 with z the number of neares

neighbors of a given Fe spin. Forz52, S55/2, and J
530 K one hasvex51.331013 Hz. AssumingA5350 G,
which is the dipolar field created by one Bohr magneton a
distance of 3 Å, one has from Eq.~6! T1

2154 sec21, which
is three orders of magnitude smaller than the room temp
ture measuredT1

21 ~see Figs. 3–6!. This order of magnitude
estimate indicates that the correlation function for a r
must decay much more slowly than the Gaussian decay
tained from the short time expansion of Eq.~5!. A slow
decay in time of the correlation function corresponds to
enhancement of the spectral density at low frequency
thus to an enhancement and a frequency dependence o
relaxation rate. This is confirmed by the magnetic field d
pendence ofT1

21 which is also observed in infinite
chains.12,13,20,24A systematic study of the high temperatu
spin dynamics in the Mn molecular cluster, Mn12, as well
in Fe6 and Fe10 will be presented in a separate publicat

Regarding the temperature dependence, let us first re
the phenomenology observed in the temperature depend
of T1

21 in infinite antiferromagnetic chains. For quantu
spin-1/2 chains,T1

21 is practically temperature independe
from T>J/k down to a few degrees from the 3D orderin
temperature which is related to the coupling betwe
chains.25,26 For classical spin-5/2 chains,T1

21 shows a
strong enhancement on lowering the temperature belowT
5J/k which can be interpreted in terms of slowing down
the antiferromagnetic collective fluctuations at wave vec
q at border zone.24 In spin-1 chains with Haldane gap20 and
for coupled spin-1/2 chains~two-leg ladders!21 with a non-
magnetic ground state,T1

21 is weakly temperature depen
dent down to a temperature of order of the energy gap
then it decreases exponentially. The temperature and m
netic field dependence ofT1

21 observed here in magneti
rings ~Figs. 3–6! have features which are similar to the on
observed in infinite spin chains with some important diffe
ences. We argue that the differences stem mainly from
discreteness of the low lying magnetic states in finite rings
be contrasted with the quasicontinuum of states with or w
out gap to the ground state present in infinite chains.
-

t
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For a ring ofN spins withSi55/2 the total number of
states is 6N. The energy levels for rings of spins coupled b
nearest neighbor exchange coupling constantJ were calcu-
lated for N56~Ref. 18! and extrapolated to theN510
ring.16~b! For a cluster of sixS55/2 spins the energy level
are calculated using the Heisenberg HamiltonianH
5JS j51

5 Sj•Sj111JS6•S1 which describes nearest-neighb
interactions and assumes sixfold symmetry. The size of
matrices can be reduced using the symmetry properties o
total spin operatorS5S jSj . In this way sixteen matrices
with size ranging from 131 to 6093609 andS values rang-
ing from 15 to 0 must be calculated and diagonalized. T
can be done very effectively using irreducible tensor opera
techniques.27 The calculated levels were used to express
magnetic susceptibilityx of the clusters. A best fit to the
temperature dependence ofx yielded the value of the cou
pling constantJ. The energies of the first excited levels we
checked also through magnetization measurements at 1.5
0.6 K for sample B@Ref. 18~a!# and for sample D@Ref.
16~b!#, respectively, which showed steps attributed to
crossover from theS to theS11 energy levels in presence o
the applied magnetic field. The energy levels of the low
lying S51,2,3 for sample B@Ref. 18~a!# andS51,2,3,...,9
for sample D@Ref. 16~b!# were observed. A scheme of th
low lying energy levels for Fe6 is shown in Fig. 7~a!. In Fig.
7~b! we show the distribution of energy levels as a functi
of energy in the form of an histogram. By dividing the num
ber of states on they axis by the size of the interval of th
histogram,DE/k519 K, one obtains the density of state
which can be fitted well with a Gaussian function centered
E/k51270 K and with standard deviations5370 K as
shown in Fig. 7~b!. It is apparent that the low lying levels ar
well separated in energy from the strongly overlappi
higher energy states.

If one takes the energy of theS50 ground state as zer
then the firstSÞ0 excited states are given by Lande’s rul

E~S!5
P

2
S~S11!, ~7!

where S is the total spin value and the parameterP is
54J/N. ForN56 andS<4 the energy levels given by Eq
~7! are lying lowest in energy, well separated from oth
excited states and have only the magnetic degeneracyS
11. For higher values ofS, Eq. ~7! gives energies which
overlap with other excited states as shown in Fig. 7~a!. From
fits of the magnetic susceptibility a value of the parame
was derived: P55.5 K ~corresponding toJ513.8 K! for
the Fe10 ring~sample D!, P519.1 K ~corresponding toJ
528.6 K! for the Fe6 ring~sample A!, P519.2 K ~corre-
sponding to J528.8 K! for Fe6 ~sample B!, and P
513.7 K ~corresponding toJ520.6 K! for Fe6 ~sample C!.

The nuclear relaxation process can be viewed as the re
of scattering between the nuclear spin and the local e
tronic spinSj . As a result of the energy conservation r
quirement in Eq.~4! one can infer that at high temperatu
most of the states in the quasicontinuum will contribu
while at lower temperatures only fluctuations of the loc
spin within the same low lying energy level would contri
ute. We assume thatT1

21 has contributions proportional to
the probability of occupation of the different energy leve
with different strength for the first excited triplet state~total
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spin S51! than for the remaining distribution of level
which is approximated by a continuum. For the energy of
excited triplet state we assume from Eq.~7! ET /k519.1 K
for Fe6 ~sample A!. For the remaining states we use t

FIG. 7. Calculated magnetic energy levels for the Fe6 ring.~a!
Diagram of the low lying levels as a function of the total spin val
of the ring.~b! Histogram of the distribution of energy levels as
function of energy. The amplitude of the interval in the histogram
DE/k519 K. The curve represents a Gaussian function which b
fits the histogram corresponding to a normalized density of st
given by

DSEkD5 66

A2p

1

370~K !
exp2

@1270~K !2E/k#2

2.3702~K2!
.

e

continuous distributionD(E) expressed by the normalize
Gaussian function given in the caption of Fig. 7~b!. Thus we
write

T1
215HA exp~2bET!1BE

d

`

D~E!exp~2bE!dEJ Z21,

~8!

whereZ5*0
`D(E)exp(2bE)dE is the partition function and

A,B are adjustable parameters which give the relative c
tribution to nuclear relaxation from the triplet state and fro
all other states respectively. It is noted that the lower lim
d, of the integral in Eq.~8! is also treated as an adjustab
parameter since it represents the minimum energy ab
which the distribution of energy levels can be approxima
by the continuous functionD(E). The curve calculated from
Eq. ~8! is compared to the experimental data, for the low
external magnetic field, for Fe6~sample A! in Fig. 8. This
purely phenomenological approach appears to reproduce
general trend of the experimental data particularly regard
the peak inT1

21 and point out the role of the lowest lyin
excited states in the spin dynamics of the spin ring.
analogous comparison for the Fe10 ring is not possible s
the distribution of energy levels,D(E), cannot be calculated

From the exponential drop ofT1
21 at low temperature

one can estimate the size of the energy gap from the n
magnetic ground state to the first excited state. From
semilog plot ofT1

21 vs 1000/T in Fig. 9 we estimate a gap
ET /k of 12 K for Fe10 and 38 K for Fe6 which are consi
erably higher than the values 5.5 K~sample D! and 19.1 K
~sample A!, 19.2 K ~sample B!, 13.8 K ~sample C!, respec-

s
st
es

FIG. 8. The experimental data for the1H nuclear spin-lattice
relaxation rate,T1

21, in Fe6–sample A are compared with th
curve obtained from Eq.~8! with parametersd5200 K, A
57.3 msec21, andB55 msec21. The data shown in this figure ar
the same as the ones shown in Fig. 3 for the resonance frequen
MHz.
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tively, obtained from the fit of the susceptibility and used
the calculation of the theoretical curves in Fig. 8. The rea
for this discrepancy cannot be understood in absence
more detailed theory for the spin dynamics in the ring wh
should include also the effect of the external magnetic fie

V. SUMMARY AND CONCLUSIONS

We have presented the proton1H NMR linewidth and
relaxation results vs temperature and external magnetic
in two types of molecular clusters containing almost cop
nar rings of six and ten magnetic spin-5/2 iron~III ! ions,

FIG. 9. Semilog plot of1H nuclear spin lattice relaxation rate
T1

21, vs 1000/T: ~j! Fe6–sample A;~s! Fe6–sample C;~3!
Fe10–sample D. The data shown in this figure are the lowest t
perature data also shown in Figs. 3 and 6, respectively, at 14 M
The straight lines in the semilog plot are exponential fitsT1

21

}exp(2ET /kT) yielding gap parameters:~—! ET /k539 K
~sample A!; ~•••! ET /k532 K ~sample C!; ~----! ET /k512 K
~sample D! with estimated error of62 K in all cases.
or

G

n,

nd
n
a

.

ld
-

respectively. We have shown that theT1
21 results allow to

probe the spin dynamics in these finite size rings. The sal
features of our results are~i! a strong dependence of th
relaxation rate on the applied magnetic field,~ii ! an exponen-
tial drop of T1

21 at the lowest temperatures,~iii ! a peak in
the relaxation rate just preceding the exponential drop,
~iv! the partial quenching of the peak in the relaxation r
when the external magnetic field is increased.

We have discussed the way to solve exactly the spin
namical problem and efforts in that direction are underw
A preliminary qualitative discussion of the data leads to
following conclusions. The field dependence ofT1

21 at
room temperature is similar to what is observed in infin
spin chains and should arise from the long time persiste
of the correlation function due toq50 diffusive modes. The
exponential drop ofT1

21 at low temperature is consisten
with the presence of a nonmagnetic total spinS50 ground
state as already deduced from susceptibility measureme
However, the value of the energy gap to the first triplet e
cited state derived fromT1

21 measurements is almost twic
as big as the value derived from susceptibility measureme
The peak inT1

21 appears to be due to an enhancement of
nuclear relaxation at the temperature corresponding to
maximum fractional occupation of the triplet state. T
quenching of the peak when the magnetic field is increa
could be due to the magnetic splitting of the triplet sta
which reduces the possibility of energy conserving scatter
processes between the1H nuclear spin and the local iron
~III ! electronic spin.

The studies presented here of the spin dynamics in a
defined cluster of few localized magnetic moments sho
provide an ideal test for exact analytical and/or numeri
solutions on a finite spin system.
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