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Spin dynamics of the ferric wheel Fg(triethanolaminate 3-)g studied by electron
and nuclear spin resonance
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The dynamic properties of the cyclic hexanuclear () complex Feg(triethanolaminate 35 are studied
by electron spifESR and 'H 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 *H longitudinal relaxation raté’;l at 1.2 T, and the magnetic field dependencé“ltﬂfbetween 12 and
17 Tat 0.2, 1.5, and 5 K. The influence of the intermolecular dipolar interaction on the resonance properties of
the Fe(triethanolaminate 35 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 nance(ESR experiments are sensitive to the dynamics of the
total spin but not to the motion af(t).5®) As far as NMR is
Cyclic polynuclear irofill) complexes realize molecular concerned, the correlation function aft) should in prin-
rings of antiferromagnetically coupled spirss=5/2. The ciple, in the close vicinity of the level crossings, affect the
static magnetic properties of these rings resemble those oélaxation ratel;* and even the line shape, with the appear-
infinite spin chains. The static magnetic susceptibility is de-ance of satellite lines, provided the tunneling is coherent
termined by the exchange couplidgof the spin-5/2 ions enought Only an analysis of; seems to be a viable experi-
and follows the temperature dependence expected for infinitmental approach to(t), since the satellite lines are probably
spin-5/2 antiferromagnetic Heisenberg chdinprovided  unobservable in a NMR experiment. The spin-spin relaxation
that the temperature is high enough to hide the discrete emate (Tgl) of these lines is expected to be of the order of the
ergy level structure of the finite spin system due to thermabecoherence rat@ few millikelving), by far too fast(i.e., T,
excitations. The dynamic properties of cyclic polynuclearis too short to allow a pulsed NMR signal detection. Even if
metal complexes have been studied by Mdssbauawe coulda priori detect the signal by doing a continuous-
spectroscopy,inelastic neutron scatteririgand nuclear mag- wave NMR, the corresponding linewid¢d.1-1 GH2 would
netic resonance techniqu&dhe detailed measurements of be too broad to allow any realistic recording of the spectrum.
the nuclear spin relaxation of the protons surrounding the In this paper we will discuss the spin dynamics of the
iron(lll) ions of Lascialfariet al# showed that the longitudi- iron(lll) ring as it can be observed by ESR and NMR experi-
nal relaxation is characterized by a peak ofTrjé rate inthe  ments, and we will point out the mutual relation between the
temperature range arouid=30 K and a linear increase for results obtained by ESR and NMR experiments. The spin
T=100 K*® The peak was attributed to the special contri-dynamics is determined by the intramolecular exchange in-
bution of the first exciteds=1 state and reflects the discrete teraction, the on-site anisotropy of the itdh) spin, and the
energy level structure of the finite spin system whereas thentramolecular dipolar interaction. These interactions deter-
TIl rate at high temperatures reflects the quasicontinuum ahine essentially the energy level structure of the spin states
the large number of excited spin states. For an overview o0bf the iror(lll) ring. Their magnitudes can be fixed by mag-
recent NMR results and further dynamics properties of cyclimetization measurements in high magnetic fiétisgutron
polynuclear iroflll ) complexes see Ref. 5. scatteringt! or ESR measurement§The finite width of the
The dynamic properties of antiferromagnetically coupledESR absorption lines indicates that also intermolecular and
molecular ring systems attracted also considerable theoretspin-phonon interactions have to be considered. The intermo-
cal interest. It was shown that the dynamics of the Néelecular dipolar coupling is determined by the crystal struc-
vector A== (-1)'§ is characterized by quantum rotations ture and can be used to calculate the temperature and mag-
for low magnetic anisotropy and by coherent quantum tunhetic field dependence of the nuclear spin-lattice relaxation
neling if the magnetic anisotropy is large enoligrhe con-  T;* rate, as well as the properties of the ESR lines. The
ditions for the existence of macroscopic quantum coherencealculation provides a quantitative basis for the discussion of
in molecular magnetic rings were determined by semiclassithe experimental results and reveals the crucial importance of
cal and exact diagonalization technigde%and it is only  spin-lattice relaxation processes.
very recently that the phenomenon was observed by inelastic The spin cluster Rgtriethanolaminate 3 [Fes;(teds] is
neutron scatteringFor symmetry reasons electron spin reso-chosen as the model compoutidihe crystals form hexago-
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nal prisms which can easily be oriented and the static mag-a)
netic susceptibility as well as ESR measureméatgchar-
acterize Fgtegg as an ideal hexagonal ring system. The
properties of Fgltegg are explained in Sec. Il together with
details of the ESR and NMR techniques. Section Il reports
the experimental results. Section Ill A shows the ESR mea-
surements at the microwave frequency of 9.44 GHz, in the

magnetic field range up to 1 T. Section Il B presents iHe
NMR results, which were measured at 1.2(*H Larmor
frequency of 52 MHgz and, at the Grenoble High Magnetic
Field Laboratory(GHMFL), in the field range between 12

and 17 T(i.e., 510-723 MHz 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
[Fey(teag]- 6MeOH was synthesized by GeiRelmaarsix

iron(lll) ions are coordinated and magnetically coupled by ()

the triethanolaminate 3teg ligand [Fig. 1(a)].*® The mo-

lecular symmetry is &nd the space groug3 with the lattice
parametersa=23.9866 A andc=8.9549 A. Figure (b)

shows the arrangement of the iron rings in the crystal struc-

ture.

The magnetic properties of the dteeags complex have
been determined by ESR at 94 GK& band and magnetic
susceptibility measuremeht&?®and can be described by
the following spin Hamiltonians:

6
Hex=-J2 851, S8, (1a)
i=1
e 1
Higana= 4 [(SC)Z— §(§)Z] : (1b)
i=1
13,3 1 1
Haipole= (up)>= > ~(1 -3 cod @--)—( csC_ =g *.),
dipole B 2#]_ 2 ij ri?} S'S; 335
(10
and
6
Hzeemar™ gMBBE § (1d)

i=1

The Hamiltonian HFeG:Hex+HIigand+Hdipole+HZeeman in-
cludes the Heisenberg exchange interacfty, the on-site
anisotropy of the spirs, Hiigane Which is caused by the
ligand configuration of the irdiil) ion, the intramolecular
dipolar interaction i, (rjj denotes the vector connecting
spinsi andj, Oj; is the angle of;; with respect to the quan-
tization axis ¢, and ug is Bohr's magneton,r;;.;
=3.201 A,G)ij:90°), and the Zeeman interactiol zeeman

Hiigana @Nd H gipole re invariant with respect to thesymme-
try of the molecule and—[Fe6 transforms like the total sym-

compound

ey

—

i i

FIG. 1. (a) “SCHAKAL" view of Feg(tegg complex and the
surrounding six methanol molecules along they8nmetry axis(c
axis). 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 propertiés. View

of the relative arrangement of the iron rings perpendicular.to 3

metric representation of the point group 6 concerning the
cyclic permutations of the indicds The intramolecular ex-
change constai/ kg=-31.5 K was determined by measure-
ments of the static magnetic susceptibility and the parameter
of Hjigang d/kg=-0.603+0.008 K by ESR at 94 GHz12
(N9)?d/2J=2.15, and the condition for Néel vector tunneling
in zero magnetic fields(N9)?d/2J>45°9 is not satisfied.
The g factor is nearly independent of the magnetic field di-
rection,g;=2.0000,g9, =1.9955, and)=2 is used iMH zeeman
[Eq. (1d)]. The degeneracy of the energy levels g, is
lifted by Hiiganss Haipole @Nd Hzeeman@nd the spin states of
Hex are mixed due to the influence 6fjgang and Hipgle
Nevertheless, the magnetic properties of the molecule are
still dominated by the isotropic exchange interaction so that
the quantum number of the total sp&remains a useful
quantity for the characterization of the eigenstate§-((,1£\‘5
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300 [ng?})(szm 140} (b) Blc (€) Bic ry(s-3) be expected. The influence #fpy will be discussed in Sec.
= | 13 VB P
250 \?(éfgi 152 The small angular dependence of theactor indicates
w0p = [lsa | | S8 (0etl— that theg tensors of the individual iron ions cannot be simply
u§,‘5° LI A ) ,%;\J replaced by a singlg value. Deviations of the loca factors
— (53 at the sites of the irdifil) from the mearg factor will also
100 7 r(s-2) reduce the permutation symmetry but, as will be shown in
5 =2 . 5e2 5oty the following, do not lead to a mixing df; andT', eigen-
of == HED (@ states. The general form of the Zeeman Hamiltonian is
o5 S2dos)| [ | _ 6 i roi
% 05 100 05 10 Hzeemar #8212y, 119, S B* -9, ,» denotes they tensor

B/T

FIG. 2. (a) Low-energy range of the eigenstatesrof,; (b) and

B/T

of the iron ioni. Although the prindipag values of the tensor

g'w, are the same for each ion, the principal axes of the

(c) zero-field and Zeeman splitting of the lowest excited spin stated€nsors are different, so that the matri%sﬂr in the refer-
S=2 and 3 predicted by Hamiltonigtige, [Eq. (1)] for parallel and  ence frame of the R&eag molecule are in general not iden-

perpendicular orientation of the magnetic fi@drespectively. The tical. The application of the 8ymmetry transformation leads

parameters OHF% are given in the text. The transitions observed ol =i t3 : _
by ESR at 9.44 GHz are indicated (b) and(c) and characterized to the equatlorgmﬂ, Y which shows that only the Zee

by the numbers of the corresponding excited energy levels abovgan energies of the ion pairsi+3 are equal, when a mag-

the ground state. netic field Blic is applied. The cyclic permutation symmetry
is thus reduced from 6 to 2, but the eigenstates of symmetry
I'1 andI’, remain orthogonal, so that the Zeeman interaction
cannot induce a level anticrossing I6f andT’, states.

(Fig. 2. The sixfold symmetry of Hamiltoniar‘]—(pe6

with

respect to cyclic permutations is strictly conserved. This |, he following (and in the Appendixwe give an over-

leads to six irreducible representatidngt=1,2,..,6) which view of ESR and NMR data analysis as used in the present
form orthogonal subsets of eigenstates even when a magnefie, k. The ESR experiment measures the microwave absorp-
field B is applled in any orientatiot Figure Za) shows the tion which is given by the imaginary part of the dynamic
low-energy range of the eigenvalue spectruni@f with the susceptibility®

spin and permutation symmetry of the energy levels. The

Zeeman effect of the first excited spin stafs2 and 3 for 1 hy %

parallel and perpendicular field orientations is given in Figs. Xl V) = —[1 - exp(— —)]J (M, (7)M,(0))

2(b) and Zc), respectively. Figures(B) and 2c) show also 2nV keT 0

the ESR transitions which will be discussed in the following. Xexp(+i2mv7)dr. )
The level crossing betwedry(S=0) and the lowest level of

I'(S=1) for B L ¢ was studied byH NMR. The calculation v is the volume of the sample, the microwave fiigoscil-
predicts the level crossing &=15.02 T. The smaliness of |ates along the direction the static fieldB is applied along
the H Larmor frequ_ency(~640 MHZ at 15 7 makes thg z), and M denotes the total magnetic momeril
NMR technique particularly sensitive to small perturbations N i) e . i
which can prevent an exact level crossing as would be exfgfg%ifl. of a sample that gontam;t(i) iron rings.
pected according to the Hamiltonian B@). The perturba- =2i=1S IS the total spin of ringj, ands™ the spin of an
tion has to break the permutation symmetry7¢f, so that individual iron(lIl) ion. _ _

The longitudinal relaxation of the nucledH spin de-

eigenstates of’; and I'y symmetry are no longer strictly X
orthogonal. The antisymmetric Dzyaloshinski-Mof§a mands more comments. It is assumed throughout the follow-
ing discussion that only the coupling of thel nuclear spin

interaction reduces the permutation symmetry & X . s .
P Y Y e, Jo the iron ring to which it is attached contributes to the

whereas the symmetric pseudodipolar exchange intera laxati Th i led to the {fdn i f
tion'® behaves similarly to the dipolar interaction and doeg c1axation. 1he protons are coupled 1o the ions 0

th by the dipolar interactioft{*¥'=5% #2(ysy /r?)
not reduce the permutation symmetry Offr.. The € ning by the dipolar Interactioft, = =2i_ A" ysy /1

Dzyaloshinski-Moriya interaction x[§f—3(§ﬁ)(fﬂ)/rﬂ and the transferred hyperfine interac-
6 tion H'=A3% A§l which can both be written agt,
Hom = 2 6(_ 1)i(§i X §4q) (1e) =A(FA%+F*~+F71") with

i=1
6

F2=>

i=1

is compatible with the molecular symmetry Bhe vectorD

is parallel to the molecular symmetry axidpy, transforms
with respect to cyclic permutations of the indicelke I',

and induces in first-order perturbation no splitting of the
I'«(S) states. Therefore, its influence cannot be easily detected
in standard ESR experiment(yy reduces the cyclic per-
mutation symmetry from 6 to 3, the states of symmdtry
andI’, are no longer orthogonal, and a level anticrossing carffior the dipolar coupling and

2
[éDo(i)SiZ"' DS + D—l(i)si_:| )

6
Fr=2> [_ éDo(i)SI +Dy()s + th(i)ﬁt} (3a
i=1

184419-3



B. PILAWA et al.

(3b)

for the scalar hyperfine interaction. The geometrical factors

of the dipolar coupling aréDy(i)=«;(3 cog ©;-1), D,,(i)
=, sinO; cos®; exp(Fig;), Duyli)=3a; Sir? ©; exp(F2i ¢;),
with a;=3yysh/2r3Y7 y/27=42.52 MHz/T denotes the
gyromagnetic ratio of thé'H nucleus andys/2m=gug/#%
=27.99 GHz/T withg=2. Thez direction is determined by
the direction of the magnetic field and the angisand ¢,
specify the orientation of the vectorwith respect tcB. The
longitudinal relaxation for a spié—nucleus was calculated
by Moriya:®

Ti:f OC(F_(7')F+(O)>exp(— i2myyr)dr
1 Jw

+ JM (F (nF(0)Yexp+i2myyn)dr

=[1+expg- hVO/kBT)]f (F"(DF(0))

Xexp(+ i2myyr)dr.

(4)
27vy=v,B denotes théH Larmor frequency. The shift of the

Larmor frequency due to the local magnetic field is small
(compare Fig. Band can be neglected, since the fluctuation

spectrum [T2(F*(7)F~(0))exp(+i27wv7)dr extends over a
large frequency rang€=200 MHz; see below and Figs.

10-12. The nuclear relaxation is caused by the fluctuation o N
the sping(7) of the iror(lll) ions. The thermal oscillation of SV=3L§

PHYSICAL REVIEW B 71, 184419(2005

terms of the eigenvalues and eigenstates of one fing
HEQGIM>IE2)|M>, andf(v) becomes

21 . )
== > exp(- EV/kgT)(ulAD| ")

!
(4) _ )
—(E'u E‘“/) + V)
h

><<M’|B(j)|ﬂ>5< (5)

with Z=% , exp(—Eii)/kBT). The spectrum of(v) consists of
s-shaped resonances @0 andv, ,,=(E,—E,/)/h, due to
transitions between the eigenstatesﬁd,f;e. The intensity of

the resonances is determined by the eigenstatés(F’Qfand

the operatoré(j):E?:léf” andF*, respectively. The total spin
SV=38 &V is important for the description of the ESR ex-
periments and transforms accordingltg so that only tran-
sitions between states with the same permutation symmetry
can be observed. In the case of NMR experiments the opera-
tors F* are formed by the individual spirs of the iron ions.
These spin operators can be decomposed into the irreducible
components of the permutation group. The even component
of S, which is proportional to the total spu}locE?:léif”,
dominates in most cases the nuclear relaxation, since the
conditionv, ,,=(E,—E,/)/h=vy=0 can be usually realized
only by eigenstates of the same symmetry. Only in the case
of the level crossing do other componentsSobecome im-
portant. In the case when the energies of the lowWwg$s

=1) and thel';(S=0) levels become nearly equal, the odd
component of§, which is proportional t(§F40<2?:1(—1)‘§,

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

6 &V and the operator* introduce differences be-

protons in the solid state cannot contribute to the nucleafveen the spectral density of the ESR and NMR experiments
relaxation since the corresponding frequencies are too hight® use in the following the notatiofesy(v) and fywr(v),
(100 GHz or larger Most of the transition frequencies be- respectively. _

tween the eigenstates of the iron ring are as well very much The perturbation OHEQG by spin-phonon interaction or by

larger thanvg, so that only the operatd..(i)s’ of the dipo-
lar coupling can contribute td@;* efficiently, since it also

an intermolecular spin-spin interaction is the reason that the
é functions in Eq.(5) have to be replaced by normalized

allows for NMR transitions involving only one electronic shape functions which have a finite width. The shape and
state. The operators are effective when the separation be- width of the resonances dsH») can be directly observed
tween two energy levels is comparable with the nuclear Zeeby the ESR lines in the case of the microwave absorption
man splitting. Then both the dipolar coupling and the trans{Eq. (2)], whereas the shape and width of the resonances of
ferred hyperfine interaction can contribute to the nuclearfyys(») enter into the description of the nuclear relaxation
relaxation. via Eq. (4). The understanding of the intensity, shape, and
The description of the microwave absorption and thewidth of the resonances dfsg(v) and fyyr(v) is therefore
nuclear relaxation leads to spectral densities of the generg@larticularly important for the discussion of the ESR and
form f(v)=J7 (A(7)B(0))exp(+i27v7)d7. The operatorsA NMR results.
=3, AV andB=3}\ BY) denote either the magnetic moment  Since the intermolecular dipolar interaction is determined
of the Samp|eA:B:Mx:9MBE}\‘:15§J) (microwave absorp- by the crystal structure it is convenient to calculate its influ-
tion), or the operator§* for the longitudinal nuclear relax- ence on the spectral density by the so-called method of
ation (in this case the sum is reduced to one t&tm1). The  momentst® The first three moments determine the intensity
dynamics of the iron spi(7) is dominated by the Hamil-  My=faround,,f (¥)dv, the shift of the resonance frequency due
tonianH g, of the iron rings. In the case when all iron rings to the perturbatiomn; =(1/my) [ (v— ) f(v)dv, and the width
within the sample are identical and independent from eaclf the resonancem,=(1/my) [ (v—1p)*f(v)dv at vo=(E,
other, it is possible to calculate the spectral densfty) in —-E,)/h. The spectral density around the transition fre-

184419-4



SPIN DYNAMICS OF THE FERRIC WHEEL. PHYSICAL REVIEW B 71, 184419(2005

10000 o0

9000

8000

2o 3) v 7000
ik : i

6000

B/G

5000
4000

(a) fe=oo=esd

0° 45° 90° 135°180° 0 0° 45° 90° 135°1800° 45° 90° 135° 180°
B<«c B<c B<c

FIG. 4. Angular dependence of the ESR lines measured for
=25 K. TransitionS=1 (2+ 3), gray diamondsS=2 (5« 6), black
squares; an®=3(10« 11), circles.(a) Resonance field strength of
-90°-60°-30° 0° 30° 60° 90°120°150°180°210240° the ESR lines. The solid lines are calculated with Hamiltor

4(Bc) [Eq. (1)]. (b) Experimentally determined linewidth arid) calcula-

FIG. 3. Contour plot of the angular variation of the ESR spectratlon of the linewidth(see Sec. IV A The dotted lines are guides for

at v=9.44 GHz measured in steps of 5° b 30 K [black (white) the eye.

indicates positivelnegative signal intensity. The resonances are ) N o _
assigned by means of Hamiltoniat., [Eq. (1)] and the param- ~résonances can be assigned to transitions within the first ex-

eters given in the text. The dashed lines are guides for the eye. Tteited statesS=1, 2, 3, and 4 by means of the Hamiltonian
resonances which do not shift with the orientationBobriginate HF%'
from impurities within the resonator. It is interesting to note that in the energy range between
the S=3 and 4 states there are four additiosd1 and 2
quency, can be approximated by Gaussian lirfés)|,-, ~ States(I'z3,I's¢) for which no ESR signals could be de-
=(my/ \2mmy)exp{—[ (v—1p) +m,]2/2m,}. Higher moments tected, W_hich could be due to fast spin-lattice relaxatsse
are necessary for the complete characterization of the res§€/0W. Figure 4 shows the angular dependence of the ESR
nance lines. Explicit formulas for the calculation of the first€sonance fields and linewidth which are assigned to the
three moments in terms of the eigenvallg¥ and eigen- ransitionsS=1(2-3), 2 (5-6), and 3(10~11) (com-
functions|w) of the unperturbed Hamiltonian are reported by Pare Fig. 2. The angular shift of the resonance fields can be
McMillan and OpechowsR? and Zevin and Shanirfa Their calculated by Hamllt_Ol’lI_afH,:eﬁ an_d enables the assignment
formulas will be used in the following. Details about the Of the ESR linegsolid lines in Fig. 4a)]. The angular de-
method of moments and the intermolecular dipolar interacPendencéFig. 4b)] and the temperature dependence of the
tion are given in the Appendix. ESR linewidth of the transitions within th8=2 and 3 states
When the perturbatiof{’ becomes time dependent due to for parallel and perpendicular field orientatigfig. 5 will
motion, the Gaussian line shape transforms into a LorentZ0e discussed in Sec. IV A.
ian. The linewidth is narrowed accordingAo = m,7,, when
the correlation timer, is shortym,< (1/7.).22 The parameter
7. Will not be used in the following.

B. NMR results

For proton NMR atvy=52 MHz a Bruker CXP 200 spec-
trometer and an electromagnet were used with an Oxford
. RESULTS Instruments variable-temperature cryostat. Measurements be-
A ESR results tween 12 and 17 T were performed at the GHMFL with a
home-built pulsed NMR spectrometer in a 17 T variable-field
The ESR spectra of @edg crystals were measured with superconducting magnet, within the standard variable-
an ESP300E Bruker spectrometer=9.44 GH2, equipped temperature cryostat and in a dilution refrigerator. The crys-
with an Oxford Instrument cryostat. In contrast to our previ-tal orientation wasB 1 ¢ during all experiments. The spin-
ous work which focused on the position of the ESR resodattice relaxation timel; was determined by an inversion-
nances in order to determine the parameters of the Hamikecovery spin-echo sequence with phase cydinfR pulse
tonianHF%,lz we discuss in this paper the spin dynamics andength was 1.5us). The long relaxation timeé=1 s) at 200
analyze the angular variation and temperature dependence wiK [see Fig. 7a)] were determined by a saturation recovery
the ESR linewidth. The contour pldFig. 3) gives an over- spin-echo sequence. The relaxation of the magnetization at
view of the angular variation’(B,c) of the spectra afl 1o=52 MHz(B=1.22 T) is monoexponential at all tempera-
=30 K. The first derivative of the absorption spectra aretures[Fig. 6@)] and theT;" rate follows the expected tem-
measured in steps of 5°. The oscillating microwave f@jd perature dependerft® which is characterized by a peak at
was oriented perpendicular to for all experiments. The =40 K and a linear increase far=100 K [Fig. 6b)].
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FIG. 5. Temperature dependence of the ESR linewidth for par- FIG. 7. (a) T;* rate measured fdB L ¢ in the field range of the
allel and perpendicular field orientation. The experimental resultdirst level crossingcompare Fig. 2 The solid line shows the phe-
(dots are compared with the expected temperature dependence dae@menological description of tHE" rate due to spin-spin and spin-
to the spin-lattice relaxation which is approximated by E@.  phonon relaxation as discussed in Sec. Il B. The dashed lines
(dashed linesand the contribution of dipolar intercluster interaction shows the expecte; * rate due to spin-phonon relaxation onfly)
(solid lineg. The thick solid lines are obtained when the lowest spinRelaxation of the magnetization far=1.5 K.

statesS=0, 1, 2, and 3 are included into the calculation. The dotted . .
lines result when all the spin states upligS=4) are includedsee crossing region. The parameters &g=15.61+0.03 T and

— : -1
Fig. 2a)], and reveal slight modifications only f@ L c. The pa- '=0.20£0.02 T. The half-width of thel,~ peak (ABy,

rameters are given in Table (the constant offsetB, for S=2 ~ =\2In2'=0.2357) is comparable to the values observed
below T=30 K is not plotted. The details are explained in Sec. for the Fg [0.26 T(Ref. 25] and the Fg,[1.04 T(Ref. 24]
IV A. compounds, and attributed to a temperature-dependent level

broadening*?°The Gaussian shape of the peak results from

The -I—Il rate in the field range between 12 and 1fFly.  @n intrinsic_ inhomogeneity of the Fgeag system which is
7(a)] has a peak due to a resonance between the nuclear spfi§cussed in Sec. IVB. _
and the electronic spin dynamics of the it8h ring, which The measurements of tfig " rate atT=200 mK are im-
is caused by the crossing of the ground state and the firiortant for the discussion of inelastic processes, which could
excited energy levé®24The enhanced;! rate around 15 T be particularly important, in the vicinity of the level crossing.
can be described by a phenomenological approach as wd$!€ measurements at 200 mK reveal that the nuclear relax-
proposed by Affronteet al?5 However, in contrast to the &tion in the magnetic field range below and above the peak is
previously reported results for fand Fg, compoundg3-25 ~ dominated by a two-phonon process, in which the phonons
the peak has a Gaussian instead of a Lorentzian shape aRfdge the gap between the ground state and the first excited
can be approximated by the formul;locexd-(fiyB  State of the irofll) ring. According to Orbach the; " rate is
~A)?/2I'?]. A=gug|B.-B| denotes the energy gap in the 9\Ven by Ti o (A/gug)®/[exp(A/kgT) - 1],26 where A de-
notes the energy gap as before. The solid line in Fig) 7
shows the combined contributions due to the spin-phonon

‘It:- ., ] s Ja000 relaxation and the resonance between the nuclear and elec-
;‘ S : s tronic spin systems according toTIlza(_A/g,uB)3/
- & . a o [exp(A/kgT) - 1]+b exd—(AyB-A)%/2I'?] with a
s # =3170 $* T3 andb=1050 s*, while the dashed line shows
= o1l ' . . iy only the contribution of the spin-phonon relaxation. The ex-
=~ " . 2000 ~ ponential increase of th&;* rate is efficiently stopped and
3 - e T = reversed in the vicinity of the level ing d h
5 o 34K y of the level crossing due to the
g A 170K + 1000 temperature-independent factéh/gug)®, which accounts
- . for the phase space of the phonons. It can be therefore ex-
0.01 i) ® |, 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
FIG. 6. () Relaxation of the magnetizatioM . denotes mag-  Z€ro at the level crossing.

netization which can be inverted aid,; the totally relaxed equi- The relaxation of the magnetization as a function of time
librium magnetization(b) Temperature dependence of thé T;> IS shown in Fig. o) for some selected field values &t
rate(squarel B=1.2 T. The solid line shows the result of a calcu- =1.5 K. The relaxation outside the crossing region is mo-
lation (the calculation is scaled a&=30 K to the experimental noexponential. The relaxation of the magnetization in the
value; for details see Sec. IV)B field range around the peak starts with a fast decay at short

0.0 0:5 1:0 1:5 2:0 0 50 100 150 200 250
t/ms T/K
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The second term accounts for the dipolar coupling between
the nuclear spin$ and|’. The nuclear dipolar coupling is
independent of the strength of the applied magnetic fiéld.
0, denotes the angle between the vecigr and the exter-
nal magnetic field, which is oriented aloagThe third term
accounts for the dipolar and the hyperfine transferred inter-
action between the nuclear spiand the spin of the irdfl )
ions. It contains the static expectation val(&)=(1/6)
) , L . . ) X (yH/gug) which makes théH NMR spectrum dependent
-600 -400 -200 0 200 400 600 on the magnetic field strengtl(r)h% denotes the angle be-
v/kHz tween the vector, s and the external magnetic field.

FIG. 8. Comparison between thel NMR spectra measured at ~ 1he InhqmogeneoquH NMR spectrum can E)e simulated
T=1.5K and 1,=506.8 MHz (dashed line,B=11.9 T), 663.88 by calculating the resonance frequencies of “&ll nuclear
MHz (solid line, B=15.59 ), and 722.83 MHz(dotted line,B  Spins according to Eq6). Each resonance can be approxi-
=16.98 T). The spectra are normalized and the peak is adjusted tohated by a Lorentzian line with the widthvy,,=(27T,)™*
v=0. (half width at half height The susceptibility of the iron ring

is nearly zero af=1.5 K, B=11.6 T and it can be expected

times and changes into a slow decay far6 ms. TheT;* that the'H resonances are only shifted due to the dipolar

rate in Fig. 7a) denotes the slope of the relaxation curve for Proton-proton interaction. The simulation predicts ot c a

t—0. proton spectrum over a frequency range of 86 kHz. The mea-
The spin-spin relaxation tim&, was determined by a Sured 'H spectra reveal no fine structure and an intrinsic

length 1.5u5). For v,=52 MHz, theT;! rate increases from be chosen in order to simulate the experimental results. This

33 kHz atT=5 K up to 50 kHz aiT~50 K and becomes IS more than what is expected from the experimentally deter-
nearly temperature independent at higher temperatures. FgHned T,™ rate, and points to some inhomogeneous line
high frequencies an@i=1.5 K, theT, rate is 32 kHz at 13 T  broadening. The dipolar coupling between the magnetic mo-
and 24.7 kHz at 17 T. TheH NMR spectra were obtained by Ments of the irofill) ions and the protons becomes impor-
the Fourier transform of the free induction decay or of thef@nt, when the average magnetic moment of the iron ring is
solid echo(for broad lines. Figure 8 showgH spectra mea- not negligible small. The magnetic moment of the iron ring
sured at 1.5 K an@=11.6, 15.6, 17 T for perpendicular field increases steplike in the magnetic field range of the level
orientation B L c. The full width of the spectrum at half crossing and théH spectra starts to broaden with increasing
height increases from 83 kHz Bt=11.6 T1,=506.8 MH2 field strength. A simulation of the spectra based on the 72
to 186 kHz in the magnetic field range of the level crossingpmtOns of the I_:gtea)e ring pred|cts that the_spectra of 48
B.=15.6 T1,=663.88 MH2 up to 251 kHz at the highest protons are shifted up to higher frequencies whereas the
measured magnetic field strength  oB=17 T(x, spectra of 16 protons are almost not shifted. A small group of
=722.83 MH2. The spectrum above the level crossing iseight protons is expected to be shifted strongly to smaller

: o : : ies. The shoulder in the left wing of thé spectrum
clearly split up, which is due to the presence of mequ|valen{“:‘lqﬂenC'eS > .
sets of protons, and the transition from a diamagnetic to tT=1.5 K andB=15.59, 17 T confirms the results of these

paramagnetic system. simulations.
The inhomogeneoutH NMR spectrum is caused by the
strong dipolar interaction between the nuclear spins of the
neighboring protons at the carbon sitesmpare Fig. Land IV. DISCUSSION
the dipolar interaction between the nuclear spins and the A. ESR measurements
magnetic moments of the ir@fl) ions. The energy of a
nuclear spinl can be calculated by the approximate The contour plot in Fig. 9 illustrateg),(v,B) for B Lc,

Hamiltoniart’ x_Lc, andT=15 K as a function of the magnetic fieRland
3 the frequencyr. The calculation ofyj,(v,B) includes the

H, = hy B+ (hiy)2S, §(1 -3c020, |/)<i) momentsmy aqd m,. The position of thg resonances is dgter-
» 2 ' L mined by the intramolecular Hamlltonlampeﬁ and the shift

. 6 L)\ Qf thehr.eﬁqna(\jnces QUedt% thﬁ ir]ltermolecular. dipola:lr int((jarac-
ro1s - tion which is determined by the first moment is small an
X(IZIZ -3 ) > {ﬁ%" 7s(1-3cos G)'v%)(r) can be neglected. The region in the B) space, which can
s be tested with the experimental parameter®.44 GHz and
+hA"||z<Sz> 6) 0<B<1T, 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

The first term is the nuclear Zeeman energy, which domiexcitation energy of the involved spin states becomes larger.

nates and determines essentially the resonance frequendtyis possible to calculate the field strength, the linewidth, the

i=1
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20 — 1 1 TABLE |. The parameters of the spin-lattice relaxatifiq.
=3 | S=2 / S=3 (N]1.
5 (10011) [ (556) / (126513)
‘ Transition ABy G a(G/K") b(G) AE (K)
S=2 (4+5) 300 1.8<10710 436 131
S=3(9+10) 120 1.8x10°10 4850 131
S=2 (5 6) 150 3.3x101 1924 131
S=3 (10«11 59 — 1915 131

saturating behavior predicted by the calculation is experi-
mentally confirmed by the&s=2 transitions below=35 K.

experimentally accessible with theband Bruker spectrometer is The linewidth increases strongly toward higher temperatures

indicated by the black line. The resonance lines are denoted by th nd |n(_j|cate§ the onse_t OT spln-lattlce .rela}xatlon. Evidence
that spin-lattice relaxation is important is given by the tem-

\S,g:\r;e?j ?: ?htehfrannljsrigt;?s of the excited energy levels that are Ir]perature dependence of tI8=3 transitions, which do not
follow the calculated temperature dependence at all. A phe-

angular variation(<«B,c), and the temperature dependencenomenological description akB,,, is possible in terms of
of the resonances. the Raman and Orbach proces$&she dashed lines in Fig.

The quantitative comparison between the experimental re5 are calculated by the following formula:
sults and the numerical predictions is shown in Figs. 4 and 5.
The angular variation of the line position measuredTat b
=25 K for the transitionsS=1(2+3), 2 (5+6), and ABy;,=ABy+aT + .
3 (10-11) can be reproduced by the calculatidfig. 4(a)]. [eXp(AE/kgT) - 1]
This confirms thatHFeﬁ correctly describes the energy levels
and spin states of the féeag ring. Figure 4b) shows the ABg denotes the linewidth which is not caused by spin-lattice
experimentally determined angular dependence of the line€laxation. The parametersB,, a, b, and AE are given in
width of the transitions S=1 (2—3), 2(5<6), and Table I.AByis for S=2 andT=30 K not constant but tem-
3 (10 11) measured af =25 K and Fig. 4c) the linewidth perature d_ependen_t as was discussed ab_ove. The description
predicted by the calculation of the second moment due to thBY Ed. (7) is not unique and may be considered as a param-
intermolecular dipolar interactionAB,,, denotes the half €trization of t.he expenmet_’ntal res.ults. Therefore errors are
width at half height of the absorption line independently of "0t given. It is, however, interesting to note that the line-
the shape of the absorption line. The measured resonancgddth of the transitionS=3 (10 11) is clearly determined
have Lorentzian line shapes whereas the calculation of thBY an Orbach process with an activation energyA&f/ kg
second momenin, can only describe Gaussian lines. The =131 K, which corresponds well to the excitation energy of
Lorentzian line shape indicates the presence of fluctuatione S=3 energy levelgcompare Fig. 2 AE is kept constant -
which might be caused by small intermolecular exchangdor all the other transitions in order to reduce the arbitrari-
interaction. The angular dependence and even the size of tRg€ss. The somewhat steeper slope ofSh@ (5« 6) transi-
linewidth is well reproduced for transitions between the endion leads to a small contribution of the Raman term. The
ergy levels of theS=1 and 3 eigenstates. Characteristic dif- Raman contribution dominates the high-temperature line-
ferences are found for tH8=2 transition. The peaks dfB,,,  Width of the transitionS=2 (4 5) whereas the transition
for <(B,c)=60°,120° cannot be reproduced by the calcula-S=3 (9« 10) needs both terms.
tion. This indicates that not only the intermolecular dipolar ~ The analysis of the ESR results leads to the following
interaction but also additional interactions contribute to theconclusions. The temperature range can be divided into a
perturbation OfHFeG- high-temperature range abowe35 K, which is dominated

The temperature dependence A, , is another impor- by spin-lattice relaxation, and a low-temperature range,
tant source of information. The solid lines in Fig. 5 show thewhich is determined by the Hamiltonian of the iron rikG,
expected temperature variation due the dipolar interclusteand fluctuating perturbations inducing the experimentally ob-
interaction, when the lowest spin sta®s0, 1, 2, and 3 are Served Lorentzian line shapes. In particular, &, angu-
included into the calculation. The dotted lines show the temlar dependence of the transiti@ 2 (5« 6) shows that the
perature variation, when all spin states up to the first excitedntermolecular dipolar coupling is not the only contributing
S=4 states are includgéee Fig. 2a)]. For Bllc the modifi-  perturbation. The phenomenological description of the spin-
cation of AB,,, is so small that the differences between thelattice relaxation shows that each transition is specifically
two calculations cannot be resolved in Fig. 5. Bar c there  influenced by phonons. This observation might explain the
is only a small reduction ofAB,,, for T=30 K, when the experimental result that the transition of thg; andI's ¢ S
excited spin states are included into the calculation. There i51 and 2 energy levels cannot be observed by ESR measure-
obviously no crucial influence of excited spin states on thements although they are energetically in betweenlth¢S
linewidth of the first excitedS=2 and 3 spin states. The =3) andl', (S=4) levels, which are observed by E$8om-

FIG. 9. Contour plot of¢;(»,B) calculated foB L ¢, x L ¢, and
T=15 K (black, high values of/,; white, x;,=0). The range that is

XX

()
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field strength Zrvy=17,B. In contrast to the experimental re-
sults(Figs. 6 and ¥, the Iargest'I1 rate in Fig. 1Qa) is by a
factor of 20 smaller than in Fig. 10). This results from the
termsDq(i)s™ andD.,(i)s’ in Eq. (3a), which contribute in
the field range of the level crossing. It is interesting to note
that the termDy(i) is not only important in the range of the
level crossing, but enters also into the description of the
transversal reIaxatioTﬁg1 rate by the terrrgDo(i)s,Z in FZ[Eq.
(3a] which contributes to the zero-frequency fluctuations.
The measured," rates are indeed at least by a factor of 10
larger than the IargeétI1 measured rates. A possible expla-
nation for the reduced;® rate in the range of the level
crossing is given below.

Figure 1Qa) shows that transitions between excited spin
states(S=1, 23 andS=2, 56, 7« 8) contribute toT;*
for small magnetic field strengths. The intensity of the0
contributionmgzo) increases with increasing magnetic field
strength and dominates tig" rate at 52 MHz. The width of
0 the fluctuation spectrum increases slightly with the strength

T8 1A 1oL i 152 of the magnetic fieldAv;,,~400 MHz atB=1.2 T andu,

=52 MHz seems to be large when compared with thie

FIG. 10. Contour plot off;%(»,B) calculated for(@ B.Lc, T  Larmor frequency, but reasonableAfv,, is converted into

=15 K, andB<5 T, and(b) B L ¢, T=3 K, in the field range of the ~an ESR linewidth(ABy,,=27Avy;»/ ys=140 G.

first level crossingblack, high values off;*; white, T;'=0). The Figure 1@b) illustrates the fluctuation spectrum in the
variation of the_li" Larmor frequencyo=yB/2 is indicated by a  range of the level crossing arous=15 T andB L ¢ calcu-
solid line. (c) T;™ (arb.unitg for vo=yB/27. lated for T=3 K. There are two peaks of tHE* rate—one

below and the other abov&.=15.02 T. Figure 1) shows
pare Fig. 2a)]. The spin-lattice relaxation rate is possibly that the calculated magnitude of tﬁ’e;l peak above and
much larger for thel', ; and I's g than for thel'; and T’y  belowB¢ is different. This results from the terni(i)s" and
levels. D.,(i)s in Eq. (3@ which dominate either on the left side or
the right side ofB,, respectively. AsymmetricT;* peaks
B. NMR measurements which resemble our numerical results were recently observed
for a Crg ring.2°
The width AB,,,=240 G [see Fig. 1(c)] of the calcu-
The longitudinal relaxation of théH nuclear spin is lated T,* peak is by a factor of 10 smaller than the experi-
dominated by the fluctuations of the magnetic moment of thenental value. It is interesting to note that the calculated
iron(lll) ions. In the case that eactd nuclear spin could AB;,, is nevertheless in the range of the ESR linewidth dis-
relax independently from its neighboring protons simply duecussed in Sec. IV A. Affrontet al?® proposed that a level
to the direct dipolar coupling with the spins of the iron ions, anticrossing can effectively broaden the peak ofT[ferate.
one would expect a broad distribution of relaxation timesA level anticrossing can be induced by the Dzyaloshinski-
caused by the large number of magnetically unequal protoniloriya interaction[Hamiltonian Eq.(1€)], which has there-
[72 in the Fg(teas compleX. The experimental results re- fore been included into the Hamiltonidiee . Figures 11a)
veal in general a monoexponential decay of the longitudinahnd 11b) show the influence of the DM interaction and the
magnetization. This is caused by diffusive processes due tievel anticrossing on the fluctuation spectrum aroBpdcal-
mutual spin flips of neighboring protons, which establish aculated withD/kg=0.01 and 0.02 K, respectively. It turns
common spin temperature. Since the analysis of the averagut that the level anticrossing induced by the DM interaction
ing processes is complicatéd®the following discussion of  shifts the fluctuation spectrum of the iron ring already for
the *H T11 rate is restricted to one proton, which is coupledsmall values ofD out of the range of théH Larmor fre-
via the dipolar interaction with the fluctuation spectrum of quency, without inducing a broadening of ﬂﬁ?l peak. Al-
the iror(lll) ions. Important conclusions can be drawn fromthough we cannot exclude the presence of a small DM inter-
the analysis of the fluctuation spectruniywr(vo)  action for the Fglteag system, we note that the DM
= JZ(F*(r)F(0))exp(+i2mryr)d7, which leads to the longi- interaction is not responsible for the broadening of Thé
tudinal relaxation of the nuclear proton spirfgur(vg) is  peak.
calculated for the proton indicated by an asterisk in Fi@ 1 The calculated field value of the level crossirig)
(the shortestH-Fe distance is 3.095)AThe contour plots of =15.02 T is smaller than the experimental value of 15.63 T.
Til(v,B) for BLc, T=15K,B<5T and for BLc, T This cannot be attributed to an incorrect orientation of the
=3 K in the field range of the first level crossing are showncrystal, sinceB, is nearly independent of the angie(B,c)
in Figs. 1@a) and 1@b), respectively. The solid lines indicate for perpendicular field orientation [=AB./ ¥ (B,c)
the variation of the!H Larmor frequency with the magnetic =0.005 T/1 de§y On the other handB, depends critically
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FIG. 12. Calculated temperature dependence of the moment

FIG. 11. Influence of the Dzialoshinski-Moriya interactifig. My~ and the half-widthAr},”=\my~%(2In2) of the spectral
(1] on T;X(v,B) calculated foiB L ¢, T=3 K in the field range of ~ density fyyr(¥=0) calculated forB=1.2 T andB L c. Solid lines

the first level crossingblack, high values oﬂ'zl; white, TIl:O). and points: the calculation includes the lowest spin states up to
The variation of the'H Larmor frequencyv,=yB/27 is indicated ~ I'1(S=3) and I'4(S=4), respectively. Dashed lines: all spin states
by a solid line.D/kg= (@) 0.01,(b) 0.02 K. shown in Fig. 2a) are included.

. . . _ smaller than expected and why there are—despite spin
on the exchange interactiody with AB:/A|J|=0.512 T/K  ifysion—fast and slowly relaxing components of the

for perpendicular field orientatioi&.=15.63 T indicates that yyclear magnetization wheR, is measured in the range of
the exchange interaction is stronger thafkg=-31.5K, B_[compare Fig. ®)]. The generalization dH,, will hardly
which was determined by static susceptibility measurementge detected by ESR experiments since neither the totally
The fit of B yields J/kg=-32.7+£0.2 K. The strong depen- symmetric nor thd", component will modify in first order
dence ofB, on the exchange interactidncan also contribute  the zero-field splitting of the spin states. Thgh peak of the

to the width of theT," peak if there is a distribution of NMR experiment on the other hand will not reflect the
molecularJ values, which might be caused by small differ- orentzian shape of the spectral dendityg(v) detected by

ences of the molecular configurations at low temperatures,,

1 e ESR experiment but the distribution &fvalues within
D.l:;t)rfo ]ETJ\/AQdTE 40K2 T ofbtheT peal(;(fseethSec Il B a d the crystal, which might be a Gaussian function. Finally, not
width of AJ/kg= 1. can be expected for the correspon “only J but also the anisotropy parametéican be modified
ing distribution of exchange constants. This might be IC’osby distortions of the molecular geometry. The relation be-

sible, since it is known thal d_epends critically on gepm_etri— tween the anisotropy parametdrand geometrical param-
cal parameter¢e.g., th? relation betweehand the blrolg)gmg eters was discussed in Ref.(bpand it turns out that there
anglea; = L (Fe-O-Fg is J (K)=-2.91u, (deg +276,°" so exists a linear relation betweehand a special rotation angle
thatAJ/kg= 0.4 K would correspond to an angular variation ¢ according tad (K)=0.0196» (deg - 2.65. This leads to the

of Aa;~0.149. In general, it can be expected that the six conclusion that the modification dfdue to geometrical dis-
exchange constants of the iftih) ring will be modified in- tortions is ~150 times smaller than the modification &f
dependently from each other, when there is a distortion of th nd is therefore negligible. The fact that tﬁ-gl peak is

molecular symmetry at low temperafures. The generalize roadened whereas the broadening of the ESR lines remains

. A 6 > >
exchange Hamiltoniart e,=2i-;~J;+15S+1 can, however, within the expected range, although the ESR lines would be
be decomposed into the six irreducible representations of th&rongly influenced by a distribution of the values, con-
group 6 of the cyclic permutations of the indicesThe to-

i ) . firms that the modification ad due to geometrical distortions
tally symmetric component transforming according Itg

) o : is indeed negligible.
will replace the exchange Hamiltonian Hda), i.e., the ex- Figure 12 shows the temperature dependence of the mo-

char;ge constant will be replaced by the averagie ont mf)V 9 and the half- W|dthAv(1”2°):\/m(2V‘°)(2 In2) of
=538, Ji i1, and the values od will scatter around) deter-  the »=0 resonance foB L c andB=1.2 T. We show sepa-
mined byB.. Concerning the other components7ef,, only  rately the results of the calculation including the lowest spin
the component transforming like, will influence the lowest  statesS=0, 1, 2, and 3solid lineg, the spin states up to the
spin states and induce a level anticrossing between thfrst excited spin stat&=4 (open circley and all spin states
ground statd,(S=0) and the first excited state &f;(S=1) that are shown in Fig.(@) (dashed lines m{ =0 tollows an

at the magnetic field determined ByAs for the DM inter-  activated temperature dependericee the Appendix Eq.
action, the fluctuation spectrum can be shifted out of thgAlb)], whereas the width of the fluctuation spectr

frequency range accessible by th¢ Larmor frequency and is predicted to become smaller with increasing temperature
the corresponding molecule will not contribute to ﬂﬁe1 since the contribution of th8=1 levels, which are important
peak. This might explain why thél rate is considerably at low temperatures, is reduced at higher temperatures. The
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inclusion of excited spin states leads to a reduced width of ACKNOWLEDGMENTS
the spectral density fof =30 K. The influence on the width
of the spin states above the first excitgd4 levels is very
small. Their influence on the intensitplg =0 of the spectral
density is, however, not negligible. These results predict
steep increase of th&; rate without a maximum aT .

~ 40 K [compare Fig. @)]. There are two scenarios that can
lead to an experimentally observed maximum of Theate

in this temperature range. When the Wicmv(lio) of the
fluctuations is smaller than predicted by the calculation, the APPENDIX
'H Lamor frequency might become larger thAn»(l7;°)(T) ) )
above a certain temperature, which would efficiently reduce ©ON€ way to calculate the influence of a perturbation on

the T, rate. However, the temperature of the resulting maxit"€ ~ resonances of the spectral  densityf(»)

mum would in this scenario depend critically on the ratio=/=(A(7)B(0))exp(+i2mv7)d7 is the so-called method of
betweenw, and A11:%, while the experimental results of momentst® The resonance lines are reconstructed by a small
Lascialfariet al%@ in the frequency range between 7 and 60number of moments. It was pointed out by van Vleck that the
MHz reveal no frequency dependenceTgf,, Another pos- Hamiltonian of the perturbation has to include only those
sible explanation for thel; maximum would be that the terms that commute with the Hamiltonian of the unperturbed
spectral densityyur(vo) is broadened by the onset of spin- System. The truncated Hamiltonian of the perturbation is
lattice relaxation as can be observed for the ESR transition€@/led secular and the remaining terms nonsecular. The
in the temperature range abovie=35 K (Fig. 5). This method of moments can be applied _whgn the mixing of the
broadening effectively reduces the valuefgfz(v,) at the —Wave functlor\s due to the perturbation is small and the re-
14 Lamor frequency and leads to a maximum of leate, sultlr!g sgtelllte resonances can bi ne(lg)lected. We take the
which indicates the onset of strong spin-phonon interactiond1amiltonian of the iron ringsHo=2-,Hg. as the unper-
turbed Hamiltonian and the intermolecular dipolar coupling
[Eq. (A4), see belowas the perturbatiof?’. The method of
V. CONCLUSIONS moments can be safely applied since no satellite resonances
] ) ) ) due a perturbation could be detected in the ESR spectra of
We have studied the spmldynamlcs of the cyclic 80 the jron ring systems. Pryce and Stevens showed by means
system Fglteds by ESR and'H NMR measurements. The of projection operators how the secular part can be
spin Hamiltonian of the Réteas molecule has been diago- constructed® The intensitymy=f around,.f(»)dv of the reso-
nalized and the eigenstates have been used to calculate th§nce athv.=(E.-E..) is 0
. . . . . 0 ( n n )
influence of the intermolecular dipolar interaction on the
spectral densities, which determine the ESR lines &rd 1
nuclear spin-lattice relaxation rate. The calculation is re- mO:?Tr[exp(— P.HoP./ksT)P,AP,B]. (Ala)
stricted to the second moment and neglects the contribution
Which coic be partiularly important in the iciiy of the 71 QSMIes the projection operators on the eigensaes
level crossing. Despite these limitations, it is shown that thethe total unperturbed Hamiltoniatdo. Equation(A1a) can be
; : . " .easily calculated with the eigenstates and eigenfunctions of
calculation of the spectral density provides a valuable baS|a1 individual cl M1 e .
for the discussion of the experimental results. € individual ¢ USteHF%|“>'EM |
The angular variation of the ESR linewidth and the tem- L
perature dependence beldws 35 K can be reasonably well _* _= PRI )
be described by this approach. The steep increase of the ESR Mo= Z 2 exp(-E, ke T (AT )’ B ),
linewidth aboveT = 35 K indicates the onset of strong spin-
phonon interactions which can be described in terms of the (Alb)
Orbach and Raman processes. The temperature-dependent 0 ) i)
measurements of thd T, rate at 1.2 T reveal a maximum Wherehyo=(E,'~E /) andZ=X, exp(-E, /kgT).
of theTIl rate in the temperature range around 40 K. It might  The first moment;=(1/my) f (v— 1) f(v)dv of the reso-
be that this maximum of th&;" rate is also caused by the nance ahwv,=(E,~E, ) describes the frequency shift of the
onset of spin-lattice relaxation. THel T;* rate measured at line due to the perturbatiof(’,
low temperatures in the field range between 12 and 17 T
shows the characteristic peak Bt=15.61 due to the level 11 )
crossing between th8=0 ground state and the first excited =~ M= H%ZNTr[eXp(‘ PaHoPi/keT)(P/AP ' Pr/B
level of theS=1 state. The comparison of the experimental
results with the analysis of the spin dynamics indicates that a - P H'PAP, B)], (A2)
distribution of molecular distortions leads to iron rings with
different exchange constants which results in the large and the second momenty,=(1/my) [ (v—1p)*f(v)dv be-
width of the peak and its Gaussian shape. comes
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1 1 tween a central and the neighboring iron rings is given by
?Tr[exp(— P HoP/KsT)

m,==
2" 2m, 6 6 4 1
X (PyAP,H'PoH'PyB + PH'PyH P,AP, B H' = (gpe)’2 2 2 5 (1-3 008 O)) s
i=1 j#1k=1 (riK)
- 2P, AP, H'P,BPH")]. (A3) L
(Vz(z _ —&D&))
. X .
m; and m, have been caculated by McMillan and (% Sk 3 x ) (Ad)
Opechowsl® and Zevin and Shanif&in terms of the ei- _ o — 4
genvaluesE” and eigenfunctiondu) of the unperturbed | denotes all the neighboring iron ringg:’ ands are the

Hamiltonian. But the formulas are long and will therefore spins of the central and neighboring ringrespectivelyr!)
not be reproduced here. denotes the distance between sﬁ‘i]ﬁ and ﬁ(('). ®i(|'() denotes
The intermolecular dipolar interaction is determined bythe angle between the vectfq([? and the external magnetic
the crystal structure. It is therefore straightforward to calcu{ield, which is oriented along. All rings with the center to
late the influence of the intermolecular dipolar interaction onorigin distance smaller than 25 A were included into the

the spectral density(v) by the technique sketched above. calculation, namely, 28 rings around the central ring as

The secular part of the intermolecular dipolar interaction beshown in Fig. 1b).
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