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Two magnetic molecular clusters containing almost coplanar rings of {#n ions with spin
S=5/2 have been investigated byH NMR and relaxation measurements. The first system, which
will be referred to as Fe6, is a molecule of general form[NaFe(OCH;);,(C,7/04H 56l CIO,~ or
[NaFg(OCHy)14(C15H110,)6] T CIO,~ or [LiFeg(OCHg)15(CisH110,)6] ClO,~ while the second type of ring,
denoted Fe10, corresponds to the mole¢Bgy(OCHs),o(C,H,0,Cl)10]. The *H NMR linewidth is broadened
by the nuclear dipolar interaction and by the dipolar coupling of the protons with thellfgrparamagnetic
moment. It is found that the nuclear spin-lattice relaxation rEte!, of the proton is a sensitive probe of the
Fe spin dynamics. In both cluste&, ! decreases with decreasing temperatures from room temperature, goes
through a peak just below about 30 K in Fe6 and 10 K in Fel0, 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 bfobtained from the fit of the magnetic susceptibility to describe
semiquantitatively the behavior @ ! vs T. The exponential drop 6f, ! 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 Bfdk=12 K for Fe10 ande;/k=38 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 solut®0b63-18207)08621-9

[. INTRODUCTION provide a guide for the extrapolation of exact results on a
limited number of spins to the thermodynamic limit.

The magnetic properties of metal ion clusters are largely Measurements of nuclear spin-lattice relaxation rate,
studied for their implications in fundamental physics andT, !, afford a powerful tool to investigate the spin dynamics
magnetochemistry.® These systems provide mesoscopicsince the nuclei probe the fluctuation spectrum of the local
size magnetic particles which have been recently recognizege|d induced at the nuclear site by the hyperfine interaction
as very interesting systems both for the study of fundamental;ith the localized magnetic moments. Since the relaxation
magnetism and fo_r possible applications. The attention _halsdte,Tl_l, is determined by the low frequency part of the
been focused mainly on the very low temperature region,cyation spectrum one can probe the long time behavior of

yvhere clusters ?f high-T:pig gr(()jurl\l/ld itzatel and Isindg—tylpe @Mhe local auto and pair correlation functions of the magnetic
isotropy (examples are Fe8 an n12 clusjecan display moments which is not easily accessible with other tech-

superparamagneticlike behavifrwith phenomena like bi- niques. For example in one-dimensiondD) magnetic

s : ~11
stability and macroscopic quantum tunnelig: chains, T, ! measurements have proved the long time diffu-

The investigation of the spin dynamics over the whole”. behavi f the t . lation functi t high
temperature range should also be of great interest. In fact ofa’c_Pcnavior ol the two spin-corretation tunction at hig

2 . . .
can follow the evolution from the high temperature behaviorl€mperaturé? Furthermore, in two-dimensiong2D) and

of uncorrelated spins to the low temperature collective bethrée-dimensional3D) magnetic systems, the slowing down

havior. The condensation of the magnetic cluster into itf the spin fluctuations on approaching from the high tem-
ground state configuration could be viewed as the equivalerRérature side the phase transition to long range order is mani-
of the magnetic phase transition into a short range or longested by a divergence & ~* (Ref. 13.

range ordered state and the study of these finite systems can Crystals formed of large magnetic molecules containing
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anywhere from 6 to 20 magnetic ions in simple geometricwhile in Sec. Ill we present the experimental results for
arrangements are very attractive for NMR studies. In factT, ! as a function of temperature and external magnetic
since generally the magnetic properties do not depend ofield. No theory of nuclear relaxation in mesoscopic mag-
intermolecular interactions one has access to the intrinsioetic clusters is currently available. Thus in Sec. IV we dis-
magnetic behavior of each individual cluster although thecuss the results qualitatively pointing out similarities and dif-
NMR parameters are averages over all the nuclei in the cryderences with the results in infinite linear chains for which
tal. Ring shaped clusters appear to be particularly attractiveheories do exist.

In fact they have been long used to extrapolate the thermo-

dynamic properties of one-dimensional magﬁé’ﬂs'f’. Now Il EXPERIMENTAL DETAILS

the developments in synthetic chemistry provide real objects

on which experiments can be performed to measure the tran- For the methods of synthesis, for the solid state structure
sition from isolated spins to collective behavior. In the and for the magnetic properties of the compounds investi-
present paper we report the results of an NMR investigatiomyated we refer to the other publicatiofis!®

of the spin dynamics in iroflll) clusters in which the para- H pulsed NMR experiments were performed on pow-
magnetic ions form rings lying in a single platfe!® We  dered samples by using a Stelar Spinmaster/BHH broadband
have concentrated our attention on four different samplepulse Fourier transform{FT) spectrometer in conjunction
which we label here and in the following with the letters A to with a variable field electromagnet which allowed to vary the

D and whose general formula is 'H NMR frequency in the range 7-60 MHz. The tempera-
ture was varied in the range 4—298 K with an Oxford Instru-
(A) [NaFg(OCHg)15(C;704H;5)6] 'CIO, ments CF1200S cryostat using helium gas as heat exchanger
and the temperature was controlled and measured by means
(B) [NaFg(OCHy);,(CysH1,0,)6]"CIO,, of two thermocouples.
The 7/2 pulse length was between 2 anqt§ depending
(C) [LiFeg(OCHy);,(CisH1,0,)6] CIO, ™, on the operating frequency of the spectrometer. In all cases
the intensity of the radiofrequency field,,, is sufficiently
(D) [Ferg(OCHs)2(CoH,0,Ch 1) strong to irradiate the whole NMR line. Thus the spectrum

was obtained directly from the FT of the free precession

The structural and magnetic properties of these System@ecay(FlD). The spin-lattice relaxation rate was obtained
have been already investigatéd® Here we summarize the from the recovery of the r_1uc|ear_ magnetization following a
features which are most relevant for our spin dynamical inShort sequence of saturating radio frequency pulses.
vestigation. Samples ? B,'” and C[Ref. 18b)] consist of
rings of six iron (Ill) ions arranged at the vertices of an IIl. PROTON NMR RESULTS
almost regular hexagon with a small deviation from copla-
narity (less than 0.1 Aand with the alkali ion at the center.
The clusters have either crystallographically imposed The *H NMR spectrum in all the samples investigated has
(sample A or approximate(samples B,C Sg point-group  a width which changes from a minimum of about 20 kHz at
symmetry and show very similar magnetic behaviors. The Feoom temperature and low applied magnetic field up to a
ions have spirS=5/2 and are coupled by nearest neighbormaximum of about 100 kHz at low temperature and at the
antiferromagnetic exchange interaction estimated Jat higher fields. Thus in all cases the full spectrum could be
=28.6 K for sample A,J=28.8 K for sample B, and reproduced by Fourier transformation of the free precession
=20.6 K for sample Qthe spin Hamiltonian being in the decay or of half of the echo signal. The shape of the signal
form H=ZX;;JS - §)). The ground state is a nonmagnetic sin-also depends somewhat on temperature and applied field. In
glet state with totaB=0 and the energies of the lowest-lying most cases the signal is slightly asymmetric with two or
exchange multiplets obey a Lande’s interval rule. In order tahree unresolved components. Due to the large number of
fit the susceptibility data it was necessary to introduce grotons present in the molecule, the shape of the spectrum
small anisotropy of the order of 1% of the exchange interacresults from an average of the shapes typical of,0EH,,
tion due to single ion plus dipolar anisotropic tertfig. CH groups with the further broadening due to the dipolar

The sample D contains molecules in which 10 Fe ionsinteraction among protons of different groups and of the pro-
form an almost coplanar rin@leviation 0.009 A, referred to tons with the Fe magnetic momenits.
in the literature as the “molecular ferric whegl[Ref. 16a)] In Fig. 1 and in Fig. 2 we plot the full width at half
with approximateDsy symmetry*® Each ion carries a spin  maximum(FWHM) for the A (Fig. 1) and for the D(Fig. 2)
S=5/2 and the moments are coupled by antiferromagnetisamples as a function of temperature for the lowest and for
exchange interaction estimated tobe13.8 K. The ground the highest frequency investigated. Data taken at intermedi-
state is a honmagnetic singlet state of total spin0.1%") ate frequencies fall in between and are not shown for sake of

The measurements of proton spin-lattice relaxation rateglarity. The uncertainty in the experimental values is due to
T, 1, are used here to investigate the spin dynamics of théhe difficulty in defining a linewidth for shapes which are not
rings of six and ten magnetic moments, respectively. Al-symmetric and contain some unresolved structure. However,
though there are many nonequivalent protons in the moleculthe general trend appears to be well defined. At low magnetic
we will argue that the parameters measured are averagéisld (i.e., low resonance frequency: 7 MHthe width is
which are uniquely related to the spin fluctuation spectrum ofibout 45 kHz which is the order of magnitude of the rigid
the iron rings. In Sec. Il we discuss the experimental detaildattice nuclear dipolar broadening of Gldnd CH, groups in

A. Line shapes and linewidth
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FIG. 1. Full width at half maximum of théH NMR line in Fe6
cluster (sample A plotted as a function of temperature for two
different values of the applied magnetic field.
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one can observe a Hahn e¢hdue to magnetic inhomoge-
neous broadening. We conclude that at high magnetic field
the spectrum is broadened inhomogeneously by the dipolar
interaction of the'H with the Fe moments which produce a
distribution of local fields at the proton sites.

B. Nuclear spin-lattice relaxation rates

The recovery of the nuclear magnetization was almost
exponential for the measurements at low magnetic field and
at higher temperature but a departure from exponentiality
was observed in the measurements at low temperature and/or
high magnetic field. There are two sources for nonexponen-
tial recovery. The first is due to incomplete saturation of the
broad NMR spectrum which leads to an initial fast recovery
of the nuclear magnetization due to spectral diffusion. The
effect of spectral diffusion was minimized in most cases by
using a saturation sequence of short radio frequency pulses.
Whenever a residual effect due to spectral diffusion was
present we disregarded the initial fast recovery of the mag-
netization which accounted for 20% of the total nuclear mag-
netization in the most unfavorable case. The second source
of nonexponential recovery is due to the presence in the mol-
ecule of nonequivalent protons, i.e., protons having a differ-
ent environment of magnetic Fe ions and thus having a dif-
ferent relaxation rate. At high temperature and/or low
magnetic field the spin diffusion process characterized by
T, is fast compared td@; and all *H nuclei relax back to

organic molecule&® At temperatures above 150 K the line €quilibrium with a common spin temperature. In this case the
narrows because of the onset of hindered rotations in theecovery is exponential and the relaxation rate measured,

CH; and CH groups(see Figs. 1 and)2This again is con-

T, 1, is a weighted average of the rates of the inequivalent

sistent with what is generally observed in organic com-protons in the molecul€ At low temperature and/or at high

pounds containing similar proton arrangeménitst low

magnetic field the width of the spectrum increases as dis-

fields only a dipolar solid echo is present while at high fieldscussed in the previous paragraph and, as a consequence, en-
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FIG. 2. Full width at half maximum of théH NMR line for the
cluster Fel@sample D plotted as a function of temperature for two
different values of the applied magnetic field.

ergy conserving spin flip-flop processes are no longer al-
lowed and the spin diffusion becomes less effective.
Furthermore in some cas&s becomes very short. Both cir-
cumstances prevent the inequivalent nuclei from reaching a
common spin temperature and the recovery of the nuclear
magnetization results in the sum of more than one exponen-
tial. Whenever the recovery was nonexponential we derived
the T, parameter from the recovery of the nuclear magneti-
zation at short times. In fact for a nonexponential recovery
described by a weighted sum of exponentials:

n(t)=[M(*)=M(t)]/M(*)=%p; exp(—t/Ty;). (1)

The slope at—0 of the semilog plot oh(t) vst yields an
average relaxation rat€&, '=3;p;T;;" 1. Thus the relax-
ation rate results shown in what follows are the average re-
laxation rates for the different nonequivaléii nuclei in the
molecule in all cases.

The temperature dependence of the nuclear spin-lattice
relaxation rateT; %, is shown in Figs. 3—6 for the different
iron clusters. Figure 3 shows the results in the Fe6 ring
(sample A for different values of the applied magnetic field.
The amplitude of the peak at low temperature, although not
its position, is affected by the external magnetic field. Fig-
ures 4 and 5 show the results in the Fe6 ritgsnples B and
C, respectively. We replot in the same figure also the results
for sample A obtained at the same external magnetic field in
order to compare sample A with samples B and C, respec-
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FIG. 3. H nuclear spin-lattice relaxation rafg, %' plotted as a FIG. 5. *H nuclear spin-lattice relaxation rafg, ' plotted as a

function of temperature for the Fe6 ringample A for different  function of temperature for two different Fe6 rings. The measuring
resonance frequencies(4) 7 MHz, (V) 14 MHz, (A) 31 MHz, resonance frequency is 14 MHz in both cases.

(®) 50 MHz, and(C]) 60 MHz.
supports our assumption that the proton average relaxation
tively. The magnetic properties of the three types of Fegate probes the spin dynamics independently of the exact
rings are very similar to each other while the structure andocation of the protons with respect to the(Fig ions. There
thus the number and the location of the protons are slightl2re other features which are worth pointing out and that are
different in the three samples. The fact that the temperaturgéliscussed in the following section. First the relaxation rate

behavior of T, ! and its value is comparable in all casesdrops rapidly to a very low value below 20-30 K in all
samples. This is consistent with the notion that the ground

state is a nonmagnetic singlet sta&=0). A similar expo-
L nential decrease of the relaxation rate at low temperature is
61 - observed in linear antiferromagnetic chains with a spin gap
o | such as the one found in spin-1 systéfrand in spin-1/2
coupled chainé®?? However, contrary to the linear chain
5 ] case, we observe a strong enhancemerit,oft which pre-
. 1 cedes the low temperature drop. We argue in the following
ad . section that the enhancement is a typical feature of the spin
a dynamics of a finite size magnetic cluster and is related to
; the discreteness of the energy levels. A strong field depen-
o O° dence is observed in all cases whereby the intensity of the
o peak at low temperature is suppressed at high fields. Experi-
e O l mental features quite similar to those of Fe6 rings, were ob-
- served in theT; ! relaxation rate of FelO ringFig. 6).
Because of this fact, the physical principles leading to
T, ! behavior will be assumed to be the same as for Fe6
1 (see next sectign
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—— The data for the linewidth presented in Sec. Il A show
50 100 150 200 250 300 that the 'H nuclei are coupled to the H#) magnetic mo-
T(K) ments and can thus provide information about the spin dy-
namics through the nuclear relaxatidn ! measurements.
FIG. 4. *H nuclear spin-lattice relaxation rafe, ' plotted asa No specific theory has been yet developed to describe the

function of temperature for two different Fe6 rings. The measuringnuclear-spin lattice relaxation in mesoscopic magnetic sys-
resonance frequency is 31 MHz in both cases. tems. We will use as a guideline the expressionsTipr!

o -
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e I N e S i mea tion is negligible with respect to the dipolar interaction. This
is confirmed by the observation that tH&l NMR line is

20 - broadened but not shifted by the magnetic interaction with
b the Felll) moment(see Sec. Il A. By expressing the local
] dipolar field in Eq.(2) in terms of the componen, of the
P’ Fe10-Sample D local electronic spins at sitewe can write
15 4 -
1 2 2,2 T i’
T1 " =2yysh"S(S+1) Ej,j’ajj'f (SL(1)SL(0))
o [ ) —
1)
E 104 hd i Xexq|((x)siU)L)t]dt‘i‘E]’J/BJ’J/
I-I—-‘_ PS te o .
] X | (S(DS, (0))exp(—iw )t dty, )
54 Goe e ®© © o °® . wherewgs= yg H is the electronic Larmor frequency and the
q?j o oo® ° ° coefficientse; j; andg; ;. are the geometrical coefficients of
. b 0o g O | the dipolar interactiod®*2
= Dﬂuuﬂ o b Equation(3) is the starting point to calculate the relax-
0 0 ation rate in dense paramagnets. For example, in the linear

LU U U antiferromagnetic chain tetramethel ammonium chloride
0 50 100 150 200 250 300 : i ; .
(TMMC), a detailed calculation based on collective variables
T(K) and the use of the random phase approximation to evaluate
N _ . _ . the correlation function gave good agreement with the ex-
FIG. 6. "H nuclear spin-lattice relaxation rafg, ' plotted as a perimental datd*
L“;ncctg’?r;fJg;]nc?:srfi(t:r)elfr'\mez Zﬁé?uc)“ggel\r/lgtztwo different reso- the coupling coefficients are different for inequivalent
d : ' protons in the molecule and this is the reason why we ob-
: . : serve nonexponential recovery of the nuclear magnetization
which are used to interpret the data in dense paramagnetic . -
under certain conditions, whereby we always measure an av-

systems, with particular reference to 1D magnetic chains . . .
without long range order® erage relaxation ratésee Sec. Il B. If the pair correlation

In the weak collision approximation we can wfite terms,j#j’, in Eq.(3) v_anish as .e?‘PGCted at high tempera-
ture, then the geometrical coefficients can be factored out

and calculated independently of the spin dynamics. How-
4 N [T _ ever, when correlation effects become important at low tem-

T =7 f_x (h(Hh_(0))expi o t)dt, (2 perature the geometrical coefficient become weighting fac-

tors in the summation over the pair correlation functions.

where w =vyy H is the nuclear Larmor frequency and Since there is a very large number of protons in the molecule
h.(t) is the component, perpendicular to the external magand we measure an average relaxation rate it should be a
netic field H, of the hyperfine interaction between the reasonable approximation to factor out the geometrical coef-
nucleus and the FHl) magnetic moment. Since the protons ficients for all temperatures and introduce a single constant
do not bond directly to the KBI) ions in neither Fe6 nor representing an average over all protons and all pair correla-

Fel0 clusters we assume that the contact hyperfine interations. Thus we rewrite Eq3) as

T =3 [AL (0 = wg) +BE (0)]=3) ;/Zn m expl— BEN)A(N|SLIm)(m[SL|n) S(Eq— En— (w0, * wg))

+B<n|5jz|m><m|sjz,|n>5(En_ Em_wL)]/En exp(—,BEn). (4)

The first term in Eq(4) expresses the relaxation rate in termsand can thus be written in terms of the matrix elements of the
of the spectral density(w) of the electronic spin fluctua- local spin components between eigenstates of the total clus-
tions. The second term in E¢4) is obtained by expressing ter spin systengn|,(m|.
the correlation function in Eq.3) as In the case of the Fe6 cluster and possibly for the Fel0O
cluster, one should be able to calculate the correlation func-
tions exactly from the calculated energy levéigee below
(S/(1)S)) =Tr{exp(— BH)exp(iHt/%) S} and compare with th&, ~* data by using Eq4) although in
) N practice this could be a formidable task. Another theoretical
Xexp(—iHt/#)S; }/Trexa(—BH) (5  approach would be to expand the local spin variables in
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terms of collectiveg-dependent variables and make assump- For a ring of N spins withS;=5/2 the total number of
tions about the spectrum of the collective excitatiét®. states is 8. The energy levels for rings of spins coupled by
However, this collective approach should be explored firsnearest neighbor exchange coupling constamtere calcu-
theoretically in view of the objection that a small number oflated for N=6(Ref. 1§ and extrapolated to thé&\=10
coupled spins may not sustain collective excitations at all. Iring.*®® For a cluster of sixS=5/2 spins the energy levels
view of the complexity of the theory we limit ourselves hereare calculated using the Heisenberg Hamiltonidn
to a semiquantitative analysis of the problem based on some J2;_;S;- Sj11+JSs-S; which describes nearest-neighbor
simplifying assumptions and on the comparison with resultdnteractions and assumes sixfold symmetry. The size of the
obtained in 1D magnetic chains. matrices can be reduced using the symmetry properties of the
Let us first consider the room temperature results fototal spin operatolS=%;S;. In this way sixteen matrices,
T, * shown in Figs. 3—6. Sinc& k<300 K the Fe spins are With size ranging from X1 to 609< 609 andS values rang-
uncorrelated in this high temperature limit. From the expaning from 15 to 0 must be calculated and diagonalized. This
sion of the correlation function in Eq5) for short times ~ can be done very effectively using irreducible tensor operator
Moriya®® obtained the expression valid for dense 3D p;,lraiechniqueé7 The calculated levels were used to express the

magnets: magnetic susceptibilityy of the clusters. A best fit to the
temperature dependence pfyielded the value of the cou-
2 2 pling constantl. The energies of the first excited levels were
T, =7 A o (6) checked also through magnetization measurements at 1.5 and
ex

0.6 K for sample B[Ref. 18a)] and for sample O Ref.

wherey is the nuclear gyromagnetic ratia,is the local field ~ 16(0)], respectively, which showed steps attributed to the
at the nuclear site, and the exchange frequency is given bgfossover from th&to theS+ 1 energy levels in presence of
w2 =2z Pk2S(S+1)/3h2 with z the number of nearest (€ applied magnetic field. The energy levels of the lowest
neighbors of a given Fe spin. Fa=2, S=5/2, andJ  ¥ing S=1,2,3 for sample BRef. 18a)] andS=1,23...,9
=30 K one haswe,=1.3x 10" Hz. AssumingA=350 G, for sa_mple D[Ref. 16b)] were pbserved._ A §cheme Qf the
which is the dipolar field created by one Bohr magneton at &2W 1¥ing energy levels for Fe6 is shown in FigdJ. In Fig.
distance of 3 A, one has from E¢) T, ‘=4 sec, which 7(b) we sh_ow the dlstrlbutlon_ of energy Ievgal_s asa function
is three orders of magnitude smaller than the room temper f energy in the form Of, an hlstogr_am. By d|\{|d|ng the num-
ture measured, * (see Figs. 3-6 This order of magnitude er of states on thg axis by the size of the mtgrval of the
estimate indicates that the correlation function for a ringhistogram,AE/k=19 K, one obtains the density of states
must decay much more slowly than the Gaussian decay ofyvhich can be fitted wgll with a Gausgan fgncnon centered at
tained from the short time expansion of E@). A slow  E/k=1270K and with standard deviatior=370K as
decay in time of the correlation function corresponds to arsNOWn in Fig. Tb). Itis apparent that the low lying levels are
enhancement of the spectral density at low frequency ani€!l separated in energy from the strongly overlapping
thus to an enhancement and a frequency dependence of tRIher energy states.
relaxation rate. This is confirmed by the magnetic field de- T One takes the energy of tt8=0 ground state as zero
pendence ofT,~! which is also observed in infinite then the firstS# 0 excited states are given by Lande’s rule:
chains'?132024A systematic study of the high temperature =
spin dynamics in the Mn molecular cluster, Mn12, as well as E(S)= 5 S(S+1), (7)
in Fe6 and Fel0 will be presented in a separate publication.

Regarding the temperature dependence, let us first recalthere S is the total spin value and the parameteris
the phenomenology observed in the temperature dependenestJ/N. For N=6 andS<4 the energy levels given by Eq.
of T,~! in infinite antiferromagnetic chains. For quantum (7) are lying lowest in energy, well separated from other
spin-1/2 chainsT; ! is practically temperature independent excited states and have only the magnetic degener&cy 2
from T=J/k down to a few degrees from the 3D ordering +1. For higher values o8, Eq. (7) gives energies which
temperature which is related to the coupling betweeroverlap with other excited states as shown in Fig).#rom
chains?®?® For classical spin-5/2 chains[; ' shows a fits of the magnetic susceptibility a value of the parameter
strong enhancement on lowering the temperature bdlow was derived: P=5.5 K (corresponding ta]J=13.8 K) for
=J/k which can be interpreted in terms of slowing down of the Fel0 ring(sample D, P=19.1 K (corresponding taJ
the antiferromagnetic collective fluctuations at wave vector=28.6 K) for the Fe6 ring(sample A, P=19.2 K (corre-
q at border zoné? In spin-1 chains with Haldane g&pand  sponding to J=28.8 K) for Fe6 (sample B, and P
for coupled spin-1/2 chaingwo-leg ladders! with a non-  =13.7 K (corresponding td=20.6 K) for Fe6 (sample G.
magnetic ground statd;; ! is weakly temperature depen-  The nuclear relaxation process can be viewed as the result
dent down to a temperature of order of the energy gap andf scattering between the nuclear spin and the local elec-
then it decreases exponentially. The temperature and magronic spinS;. As a result of the energy conservation re-
netic field dependence df, ! observed here in magnetic quirement in Eq(4) one can infer that at high temperature
rings (Figs. 3—6 have features which are similar to the onesmost of the states in the quasicontinuum will contribute
observed in infinite spin chains with some important differ-while at lower temperatures only fluctuations of the local
ences. We argue that the differences stem mainly from thepin within the same low lying energy level would contrib-
discreteness of the low lying magnetic states in finite rings taite. We assume that, ! has contributions proportional to
be contrasted with the quasicontinuum of states with or withthe probability of occupation of the different energy levels
out gap to the ground state present in infinite chains. with different strength for the first excited triplet stdtetal
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LA FIG. 8. The experimental data for thed nuclear spin-lattice
1200 relaxation rate,T;~!' in Fe6—sample A are compared with the
curve obtained from EQq.(8) with parametersd=200K, A
=7.3 msec?, andB=5 msec?. The data shown in this figure are
1000 the same as the ones shown in Fig. 3 for the resonance frequency 7
MHz.
§ 800 continuous distributiorD(E) expressed by the normalized
% Gaussian function given in the caption of Figb) Thus we
5 write
o 600
-8 o0
g Tllz{A exp(—,BET)JrBf D(E)exp(—BE)dE}Z7 1,
Z 400 d
®)
whereZ= [{D(E)exp(—BE)dE is the partition function and
200 A,B are adjustable parameters which give the relative con-
tribution to nuclear relaxation from the triplet state and from
o st (RRIHGR | ] all other states respectively. It is noted that the lower limit,
] 500 100 1500 2000 2500 3000 d, of the integral in Eq(8) is also treated as an adjustable

E/k (K) parameter since it represents the minimum energy above
which the distribution of energy levels can be approximated
by the continuous functioB® (E). The curve calculated from

FIG. 7. Calculated magnetic energy levels for the Fe6 rfeg.  Eq. (8) is compared to the experimental data, for the lowest
Diagram of the low lying levels as a function of the total spin value external magnetic field, for Fe@ample A in Fig. 8. This
of the ring. (b) Histogram of the distribution of energy levels as a pure'y phenomenologica' approach appears to reproduce the
function of energy. The amplitude of the interval in the histogram isgeneral trend of the experimental data particularly regarding
AE/k=19 K. The curve represents a Gaussian function which besf,o peak ianl and point out the role of the lowest lying
fits the histogram corresponding to a normalized density of stategy ited states in the spin dynamics of the spin ring. An

given by analogous comparison for the Fel10 ring is not possible since
‘E\ 6° 1 [127QK)—E/k]? the distribution of energy level® (E), cannot be calculated.
D(E): 27 370K) P 370KY From the exponential drop of; ! at low temperature

one can estimate the size of the energy gap from the non-
magnetic ground state to the first excited state. From the
spin S=1) than for the remaining distribution of levels semilog plot ofT;~* vs 10007 in Fig. 9 we estimate a gap
which is approximated by a continuum. For the energy of thee /k of 12 K for Fe10 and 38 K for Fe6 which are consid-
excited triplet state we assume from E@) E;/k=19.1 K  erably higher than the values 5.5 (€&ample D and 19.1 K
for Fe6 (sample A. For the remaining states we use the (sample A, 19.2 K (sample B, 13.8 K (sample G, respec-
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respectively. We have shown that tfig” ! results allow to
probe the spin dynamics in these finite size rings. The salient
features of our results ar@) a strong dependence of the
relaxation rate on the applied magnetic figig), an exponen-

tial drop of T, ! at the lowest temperature§ii) a peak in

the relaxation rate just preceding the exponential drop, and
(iv) the partial quenching of the peak in the relaxation rate
when the external magnetic field is increased.

We have discussed the way to solve exactly the spin dy-
namical problem and efforts in that direction are underway.
A preliminary qualitative discussion of the data leads to the
following conclusions. The field dependence Bf ! at
room temperature is similar to what is observed in infinite
spin chains and should arise from the long time persistence
of the correlation function due t@=0 diffusive modes. The
exponential drop ofT; ! at low temperature is consistent
with the presence of a nonmagnetic total sfin0 ground
state as already deduced from susceptibility measurements.
However, the value of the energy gap to the first triplet ex-
cited state derived frori; ~* measurements is almost twice
as big as the value derived from susceptibility measurements.
The peak inT, ! appears to be due to an enhancement of the

1000/T (K1) nuclear relaxation at the temperature corresponding to the

FIG. 9. Semilog plot of*H nuclear spin lattice relaxation rate, Maximum fractional occupation of the triplet state. The
T, L vs 1000T: (M) Fe6-sample A{O) Fe6—sample C(x)  quenching of the peak when the magnetic field is increased
Fe10-sample D. The data shown in this figure are the lowest tenffOuld be due to the magnetic splitting of the triplet state
perature data also shown in Figs. 3 and 6, respectively, at 14 MHAVhich reduces the possibility of energy conserving scattering
The straight lines in the semilog plot are exponential Tts?  processes between théd nuclear spin and the local iron
xexp(—E/kT) yielding gap parameters:(—) E-/k=39K  (lll) electronic spin.

(sample A; () E;/k=32K (sample G; (----) E;/k=12K The studies presented here of the spin dynamics in a well

(sample D with estimated error of- 2 K in all cases. defined cluster of few localized magnetic moments should
provide an ideal test for exact analytical and/or numerical

tively, obtained from the fit of the susceptibility and used insolutions on a finite spin system.

the calculation of the theoretical curves in Fig. 8. The reason

for this discrepancy cannot be understood in absence of a ACKNOWLEDGMENTS
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