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3’Fe NMR measurements have been performed in single crystal and oriented powder of enriched S7Fe8
molecular cluster in the temperature range 0.05—1.7 K in zero external field and with small perturbing field up
to 1 T for both transverse and longitudinal orientation of H with respect to the anisotropy axis. The S7Fe NMR
spectrum is analyzed in terms of a dominant contribution due to the hyperfine interaction arising from core
polarization. The measured temperature dependence of the resonance frequency is explained well by calculat-
ing the local average magnetic moment of the Fe?* ion with a simple model which incorporates the effects of
thermal average in the low lying energy states. Nuclear spin-lattice relaxation rate (1/7}) and spin-spin
relaxation rate (1/7,) were investigated via temperature and field dependences. The obtained results are
analyzed in terms of both intrawell thermal fluctuations of the hyperfine fields due to spin-phonon interaction,
and interwell fluctuations due to phonon assisted quantum tunneling of the magnetization. It is argued that in
zero external field and at low 7 the >’Fe and the proton 1/7, is dominated by a strong collision relaxation
mechanism due to the fact that phonon assisted tunneling transitions generate a sudden reversal of the local
quantization field at the nuclear site. The data could be explained satisfactorily by assuming that the SFe 1/ T,
measures directly the effective tunneling rate. However, in order to fit the data we had to assume a larger
in-plane anisotropy than previously reported, resulting in a bigger tunneling splitting in zero field. A compari-
son with published data of >Mn in Mn12 indicates that a strong collision relaxation mechanism may apply also
in Mn12. Finally the H and T dependence of SFe 1/ T, is well explained simply in terms of thermal fluctua-
tions of the magnetization without any tunneling contribution. At very low 7 the 1/7, approaches a limiting
value which can be explained in terms of the dipolar interaction between proton and S'Fe nuclei in the

quasistatic regime.
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I. INTRODUCTION

Single molecule magnets (SMM) are magnetic systems
formed by a cluster of transition metal ions within large or-
ganic molecules.'”> SMM are characterized by nearly identi-
cal and magnetically isolated molecules with negligible in-
termolecular magnetic interactions, which allows the
investigation of nanomagnetism from the macroscopic mea-
surement of the bulk sample. Recently, SMM have been paid
much attention not only for the fundamental physical prop-
erties but also for the potential applications in quantum com-
puting and data storage.* Among the molecular magnets,
Mn12ac and Fe8 clusters,>® which have a high total ground
state spin (S=10) and a large uniaxial anisotropy, are of par-
ticular interest due to the superparamagnetic behavior and
the quantum tunneling of the magnetization (QTM) observed
at low temperature.”

The octanuclear Fe* cluster'® (Fe8) is a particularly good
candidate for the study of quantum effects since it couples an
uniaxial anisotropy leading to an energy barrier® of ~25 K to
a non-negligible in-plane anisotropy. The latter is crucial in
enhancing the tunneling splitting of the pairwise degenerate
magnetic quantum states. In fact, Fe8 shows pure quantum
regime below 0.4 K and periodic oscillations of the tunnel
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splitting interpreted in terms of Berry phase.!'~!3 Moreover,
it was found that the enrichment of *’Fe isotope in Fe8 short-
ens the relaxation time demonstrating that the hyperfine field
plays a key part in QTM.!# Together with intensive theoret-
ical investigations,”~' QTM in Fe8 has been revealed by
various techniques such as magnetization measurements,'>'3
ac-susceptibility,>?° specific heat measurement,”!?> high-
frequency resonant experiments,”® circularly polarized mi-
crowave technique,?* and nuclear magnetic resonance.?>2

Nuclear magnetic resonance (NMR) has proved to be a
powerful tool to investigate the local properties of magnetic
systems because the nuclear spin is very sensitive to local
fields and thus provides valuable information on spin dynam-
ics. Several proton NMR studies on Fe8 have been already
performed yielding information about hyperfine interaction,
fluctuations of the local moments of Fe?* ions,?” and tunnel-
ing effects.?>?%28 In proton NMR, however, we can obtain
only indirect information due to an averaging effect arising
from the wide distribution of protons in each molecule and
the weak hyperfine coupling between Fe** moments and pro-
tons mostly of dipolar origin.

S'Fe nucleus is, in principle, a much better probe than
proton since it couples directly to the magnetic electrons of
the Fe** ions with a strong hyperfine field which allows the

©2005 The American Physical Society



BAEK et al.

investigation of >’Fe NMR in zero external field. The only
drawback is that the strong coupling makes the NMR signal
detectable only in a narrow temperature range. Previous °'Fe
NMR studies have yielded direct information on the local
magnetic structure of the ground state and the hyperfine
interactions.””3° In addition to the static effects mentioned
above, >’Fe NMR can provide precious information about
the dynamic magnetic properties, including the tunneling ef-
fect, through the measurements of the relaxation rates as a
function of temperature and external field, and by the tem-
perature dependence of the resonance frequency in zero field,
which are the subjects of the present investigation.

In this paper, we report >’Fe NMR measurements in a
sample of oriented powder and in a single crystal both en-
riched in the 3’Fe isotope. In Sec. II, the sample properties
and some experimental details are illustrated. After present-
ing the experimental results in Sec. III, the hyperfine inter-
actions and static magnetic properties are summarized in
Sec. IV with emphasis on the data on the temperature depen-
dence of the nuclear resonance frequency in zero field. In
Sec. V we discuss and deduce theoretical spin dynamics
models for the nuclear relaxation rates in the low tempera-
ture region. A central result of the present investigation is the
observation of a strong collision relaxation mechanism for
both protons and *’Fe zero field NMR in the tunneling re-
gime, a rarely observed situation in nuclear spin lattice re-
laxation due to magnetic interactions. Detailed comparison
of the data of the relaxation rates with the theoretical models
proposed in Sec. V are reported in Sec. VI. Also the relax-
ation rates of “Mn are compared with those of *’Fe. In Sec.
VII, our experimental results and theoretical analysis are
summarized.

II. SAMPLE PROPERTIES AND EXPERIMENTAL
DETAILS

The formula of the molecular cluster is
[Feg(tacn)q0,(OH), **[Brg-9H,0*~ (in short Fe8) where
tacn is the organic ligand 1,4,7-triazacyclonane and the ionic
charge 8+ of the cation is compensated by seven bound Br~
ions and one Br~ counterion. Fe8 consists of eight Fe3* ions
(s=5/2) where the Fe ions are coupled together by 12
m3-0xo and w,-hydroxo bridges through different exchange
pathways resulting in well-known butterfly configuration.
The magnetic properties of Fe8 at low temperatures are char-
acterized by a total spin of S=10 for each molecule resulting
from competing nearest neighbor antiferromagnetic interac-
tions between the Fe** ions.’!

The S=10 magnetic ground state of the Fe8 molecular
cluster can be described by a total spin model Hamiltonian,

H=DS.+E(S;-S;) +gusS - H, (1)

where z is the direction of the large uniaxial anisotropy, S,,
Sy, and S, are the three components of the total spin operator,
D and E are the axial and the rhombic anisotropy parameter,
respectively, up is the Bohr magneton, and the last term of
the Hamiltonian describes the Zeeman energy associated
with an applied field H. The crystal structure of Fe8 is shown
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FIG. 1. Schematic diagram of Fe8 molecular cluster. The arrows
represent ionic spin direction of Fe** ion with s=5/2 in S=10
ground state.

in Fig. 1. The arrows represent the spin structure of Fe** ions
in the ground state S=10.

In order to synthesize the S7Fe-enriched Fe8 cluster, 95%
enriched *’Fe foil (53.3 mg, 0.936 mmol) was carefully dis-
solved in 400 mL of a 3:1 (v/v) mixture of concentrated
HCI and HNOj in a Kjeldahl flask. The solution was boiled
and HCI added dropwise to keep the volume constant until
evolution of brown NO, fumes ceased. To the cool concen-
trated solution excess thionyl chloride was added dropwise
(Caution, vigorous evolution of SO2 and HCI) and the unre-
acted portion was distilled off under nitrogen. The black lus-
trous FeCl; residue was dissolved in methanol (4 mL) and
treated with a solution of tacnl12 mg, 0.867 mmol) in
methanol (1 mL) with stirring. Yellow [*’Fe(tacn)Cl;] was
collected by filtration, washed with ethanol (1.5 mL) and
dried under vacuum (194 mg, 76% vyield). The solid was
dissolved in 15 mL of water containing 1.5 mL of pyridine
and the solution was stirred for 1 h before addition of NaBr
(3.9 g). After additional 10 minutes of stirring, any undis-
solved material was removed by centrifugation and the clear
solution was left undisturbed in a desiccator at reduced pres-
sure (300-350 mm Hg) over P,O5 for 2—-3 weeks. Crystal-
line *'Fe8 (126 mg, 67% yield) was collected by filtration
and dried by N, before measurement. The oriented-powder
sample of Fe8 has been prepared by mixing the powdered
material with epoxy (EpoTech 301) and letting it set in a
magnetic field of 7.2 T at room temperature for 12 hours.
The sample filling factor is about 20%—-30% out of the vol-
ume of a cylinder with 5 mm diameter and 20 mm length.
Orienting the powder sample results in a better signal to
noise ratio and a narrow signal even in zero magnetic field
due to the orientation of the grains with respect to the radio
frequency magnetic field. We also succeeded in making a
single crystal of ’Fe8 which was used to investigate the
relaxation measurements at very low temperatures.

The “’Fe (I=1/2) NMR measurements were performed
using TecMag Fourier Transform (FT) pulse spectrometer. A
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FIG. 2. The ’Fe NMR spectra in zero field. Each line is labeled
with spl—sp8 (see Table I).

(7r/2—r) pulse sequence (Hahn echo) has been used for the
measurements with 1.5-3 us 7/2 pulse length and 8—12 us
separation between pulses depending on the spectrometer
and experimental conditions. The sp8 NMR line was satu-
rated with the comb pulse train with 10 pulses for the mea-
surement of 7 and the obtained recovery data with variable
delays were fitted to the single exponential recovery law. The
T, data were obtained from an exponential fit of the decay of
the echo signal as a function of pulse spacing. The experi-
ment has been carried out in the temperature range of
0.05-1.7 K by using a closed cycle *He cryostat and a
3He— *He dilution refrigerator cryostat in the external fields
of 0-1T.

III. EXPERIMENTAL RESULTS
A. Zero field ’Fe NMR spectrum

The zero-field >’Fe NMR spectra in Fe8 at 1.5 K has been
reported previously with the analysis of the field dependence
of the NMR lines for both longitudinal and transverse
directions.?”3% A fine structure of the spectra was observed
from the narrow NMR lines as shown in Fig. 2. It has been
confirmed that a quadruplet at higher frequency results from
the four Fe lateral sites, a doublet at intermediate frequency
from the two central sites and a second doublet at lower
frequency from the two apical sites. Hereafter, we refer to
each line as sp1—sp8 from low frequency to high frequency
and in Fig. 1 the Fe* ion site associated with each NMR line
is labeled accordingly. The experimental results are summa-
rized in Table L.

The measurements of the temperature dependence of the
resonance frequency »(7) and of the °’'Fe nuclear spin-lattice
relaxation rate reported in this paper refer only to the line
sp8 in the spectrum for oriented powder and sp4 in single
crystal (see Fig. 2 and Table I). This is sufficient for the
purpose of studying the relative variations of the hyperfine
fields and for the study of the spin dynamics. For confirma-
tion 1/7, has been measured at 1.5 K for each the eight
NMR lines in the *'Fe spectrum and the results were found
to be within the same 10% error. It is noted that the nuclear
dipolar interaction among the eight "Fe nuclei within each
molecule is totally negligible and thus no spectral diffusion
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TABLE I. NMR resonance frequencies and corresponding effec-
tive local fields obtained at 1.5 K in zero field.

Nuclear site Frequency (MHz) Hg (T)
spl 63.09 45.86
sp2 63.89 46.44
sp3 65.46 47.58
sp4 65.55 47.65
spS 71.63 52.07
sp6 71.90 52.26
sp7 72.16 52.45
sp8 72.39 52.62

takes place among different lines in the NMR spectrum
shown in Fig. 2.

The temperature dependence of the resonance frequency,
©(T), in zero field in the temperature range 0.5-1.7 K is
shown in Fig. 3. Above 1.7 K, the signal is not detectable
due to the very short nuclear spin-spin relaxation time, T,, as
explained in details in the next section. The nuclear Larmor
frequency decreases gradually as the temperature increases
and it drops rapidly above 1.5 K when the signal becomes
undetectable. The behavior of the temperature dependence of
»(T) in Fig. 3 can be ascribed to the reduction of average
total spin moment, (S), due to the change in the thermal
population of the magnetic sublevels. The limiting value of
v(T) as T—0 corresponds to the hyperfine field when the
Fe8 molecules occupy the m==10 ground state.

B. Nuclear relaxation rates

The measurements of relaxation rates of >'Fe were per-
formed in the temperature range 0.05—1.7 K at zero field for
the temperature dependence, and in the field range 0—1 T at
1.35 K for the field dependences. The temperature depen-
dence of 1/T; in zero field is shown in Fig. 4. 1/T, shows
fast decrease with decreasing temperature as it is expected
due to the reduction of the thermal fluctuations of the hyper-

72.8
72.6
= 724
=
< 722 -
r 57Fe8 :
720l Fe NMR
Zero Field
71 . : :
%.0 0.5 1.0 1.5 2.0

T (K)

FIG. 3. Temperature dependence of resonance frequency of sp8
NMR line. Theoretical curves were obtained from Eq. (2) consid-
ering the two lowest levels (solid line) and all levels up to m==+5
(dotted line). Bloch 7%2 law (dashed line) is drawn for the
comparison.
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FIG. 4. Temperature dependence of 1/7. Theoretical curves are
given by Eq. (I11) (dotted line) and the additional contribution is
fitted well by adding Eq. (16) to Eq. (I11) (solid line) with the
appropriate choice of the parameters (see text).

fine fields. When a longitudinal field is applied, a fast drop of
1/T, appears at very low fields, while for higher fields 1/T;
decreases monotonically with increasing field at a much
slower rate as shown in Fig. 5. On the other hand, as it is
shown in Fig. 6, 1/T in a transverse field increases rapidly
at low fields and more slowly at higher fields. In the field
range 1-2.5 T, the weak °’Fe NMR signal cannot be mea-
sured since it overlaps with the much stronger signal from
"H NMR. Due to the strength of the proton signal and its
considerable width, the field range of overlap is very wide.

The longitudinal and transverse field dependences of 1/7,
are shown in Fig. 7. The temperature dependence of nuclear
spin-spin relaxation rate (1/75) is very similar to one of 1/T)
although the magnitudes of the two relaxation rates differ by
more than three orders of magnitude as shown in Fig. 8.
When T is about 1.7 K the value of 1/7, is about 10° s7!,
which is close to the limit of signal detectability in our spec-
trometer explaining the disappearance of the signal above
1.7 K. The measured 7T, is much shorter than the value ex-
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T
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FIG. 5. Longitudinal field dependence of 1/7 in oriented pow-
der of Fe8. Dashed line is from Egs. (16) and (18), dotted line is
from Eq. (11), and solid line is the sum of the two contributions.
The small enhancement at 0.22 T should be attributed to the level
crossing between m=+10 and m=-9 where the tunneling rate in-
creases as the result of the pairwise degeneracy of the excited states.
The small enhancement at 0.22 T should be attributed to the level
crossing between m=+10 and m=-9 where the tunneling rate in-
creases as the result of the pairwise degeneracy of the excited states.
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FIG. 6. Transverse field dependence of 1/7;. Dashed line rep-
resents spin-phonon contribution only [Eq. (11)], dotted line is the
result of the calculation of the tunneling contribution without mis-
alignment of the sample, and solid line is from the canting effect
together with weak contributions from the thermal and the tunnel-
ing fluctuations [Eq. (20)].

pected for nuclear dipolar interaction in the intermediate
temperature range 1-1.7 K (see the discussion in Sec.
VI B 2). This circumstance together with the strong tempera-
ture dependence indicates that 1/7, is driven by the slow
dynamics of a strong hyperfine interaction above 1 K. In the
proton case, since the 'H zero field NMR spectrum is struc-
tured in a complex way, measurements at different positions
of the spectrum were performed namely at 23 MHz and
18 MHz. The temperature dependence of "H 1/T are similar
to the ones of °’Fe 1/T, as shown in Fig. 9.

IV. HYPERFINE INTERACTIONS AND STATIC
MAGNETIC PROPERTIES

A. Hyperfine interactions

The hyperfine interactions in Fe8 have been analyzed in
Refs. 29 and 30. By summarizing the previous analysis, the
hyperfine field at the Fe** nuclear sites arises mainly from
core polarization of inner s electrons due to 3d electrons.
However, the experimental values are smaller than the theo-

105F i
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e H|=z
°oH1lz 1.35 K

1 L
00 02 04 06 08 10
H(T)

FIG. 7. Field dependences of 1/T, for both longitudinal and
transverse directions. Theoretical curves were obtained from Eq.
(12) with yyh,=2 X 107 (rad Hz). Tt appears that the tunneling and
the canting effects do not contribute to 1/75.
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FIG. 8. Temperature dependence of 1/7,. Dotted line was ob-
tained from Eq. (12) with yyh,=2X 107 (rad Hz) and solid line was
obtained adding the constant value 1.6 X 10° s~!, which is ascribed
to the nuclear dipole-dipole interaction between 5"Fe and 'H nuclei,
to Eq. (12). The horizontal lines indicate the range of T, values
above which the echo signal becomes undetectable depending on
the spectrometer used and the experimental conditions.

retical value? which is estimated to be 62 T (see Table I)
indicating that there is strong reduction of the local hyperfine
field at the nuclear sites. The dipolar hyperfine field is nor-
mally zero in orbital singlet state like 3d° configuration. But
if Fe** ions in Fe8 do not have pure 3d° configuration, the
dipolar term could be non-negligible. One can make a quali-
tative estimate of the dipolar contribution from quadrupole
splitting, A, in Mossbauer spectroscopy using the fact that
A, arises from an aspherical distribution of electrons in the
valence orbitals and an aspherical charge distribution in the
ligand sphere and/or lattice surroundings with symmetry
lower than cubic.?® The small values of A, 0.13, =0.11, and
0.057 mm/s, respectively, in Ref. 34 leads to the conclusion
that the dipolar term would be too small to contribute to the
main reduction of the local hyperfine fields but could con-
tribute to the fine splitting of the lines in each Fe group.
Therefore, the reduction of the local fields is attributed to the
covalent bonds of Fe** ions with neighboring ligands. Since
the covalency can result in both delocalization of 3d elec-
trons and 4s hybridization, one can describe the configura-

1025 T T T T T T | T
P 5Fe8
10'y Zero Field
FA
. 10
“ E
&z 10—1
&
> -2 B
10T e ® SFe724MHz 3
O 57Fe 65.6 MHz
1073 A 'H23MHz 4
F A H 18 MHz
1074 1 1 L 1 1 1 | 1
00 02 04 06 08 10 12 14 16
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FIG. 9. Comparison of temperature dependence of SFe 1/T,
with 'H 1/T at zero field in Fe8. The full line is the same as in Fig.
1. The dotted line is the full line multiplied by 10. It is noted that
the results for both 'H and Y’Fe are independent of the Larmor
frequency w; in agreement with Eq. (16).
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tion of the magnetic electron in the covalent bond as
3d°*4s”. From the comparison of isomer shift values in
Moéssbauer spectroscopy* to the relation between isomer
shift and partially occupied 4s orbitals by Walker et al.*> we
estimated y <0.05. If we consider only the delocalization of
3d electrons, we get x=0.75 for spl and sp2, 1.16 for sp3
and sp4, and 1.3 for sp5—sp8 from the comparison of the
experimental hyperfine field and the theoretical value of
62 T.?° The above values for x should be viewed as upper
limits since part of the reduction of the negative core polar-
ization field can arise from the positive contact hyperfine
field due to the 4s hybridization y.

B. Reduction of the hyperfine field due to thermal excitations

As seen in the preceding section the dominant contribu-
tion to the hyperfine field originates from contact interaction
via a core polarization mechanism. Therefore we can assume
that the resonance frequency is simply proportional to the
average local spin moment in the Fe** ion, i.e., v=A(s). The
reduction of the resonance frequency can arise either from a
decrease with temperature of the hyperfine coupling constant
A or from a reduction of the average spin moment due to
thermal fluctuations. Since the temperature dependence of A
is negligible at low temperature’® the reduction of the hyper-
fine field is a direct measure of the reduction of the local
magnetization. Since the average local spin moment (s) is
proportional to the average total moment (S) of the molecule,
we express ¥(T) as a statistical average of the total magnetic
moment of the molecule on the basis that the average total
moment is reduced by thermal excitations from the magnetic
ground state m==+10 to excited states,

w1 (Emlmlexm—Em/T)) N
v(0) - (S)1=0 - (S0 7 >

where E,, is the energy of mth sublevel of S=10 and Z is the
partition function. We assume that the magnitude of the spin
moment of a mth state corresponds to the value projected
into quantization axis, e.g., 0.9 for m==+9 state. Although
this approach is based on a semiclassical picture of the spin,
it provides a very successful theoretical curve. The result is
shown in Fig. 3. The theoretical curve, however, depends
strongly on the choice of D and E values in the Hamiltonian,
Eq. (1). So far the values of D, —0.295, —0.276, and
-0.293 K, and E, 0.055, 0.035, and 0.047 K have been re-
ported by EPR,>” magnetization measurements,”® and neu-
tron spectroscopy,® respectively. In our calculation, the best
agreement is found for the choice of the parameters reported
in Ref. 38 (D=-0.293 K and E=0.047 K). In this report,
these values of D and E are used in all theoretical calcula-
tions.

The three curves in Fig. 3 were obtained considering (i)
Bloch 7%? law® (dashed line), (ii) Eq. (2) with only two
lowest sublevels (m=+10 and m==9) (solid line), (iii) Eq.
(2) with all levels up to m==5 (dotted line).*>% As ex-
pected, the Bloch 7%? law based on spin wave theory does
not apply to nanosize molecular magnets.*'* The agreement
with the cases (ii) and (iii) is quite good with the exception
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of the last higher temperature three points. Those points are
affected by a large error because the signal becomes very
weak due to the shortening of T, (see Sec. V). Thus it cannot
be established for sure if the resonance frequency starts to
drop rapidly at 7> 1.6K. The drop could indeed take place if
higher order states are included for higher temperature.

V. SPIN DYNAMICS
A. Nuclear relaxation due to thermal fluctuations

In this paragraph we consider the case of nuclear relax-
ation due to the changes of hyperfine field resulting from the
transitions of the molecule from the m=+10 ground state to
excited states. In spite of the fact that the “lattice” is quan-
tized one can use a semiclassical approach in view of the
large energy separation of the molecular magnetic levels
which prevents a direct scattering process with a nuclear
Zeeman transition accompanied by a transition between ad-
jacent molecular magnetic levels. In such a case the nuclear
relaxation is due to the lifetime broadening of the magnetic
states which generates a randomly fluctuating local field aris-
ing from the hyperfine interaction of the nuclei with the elec-
tronic spins. In this case, 1/7; and 1/7, can be simply ex-
pressed in terms of the correlation function of a randomly
time dependent perturbation term 7, (smaller than the
nuclear Zeeman energy) in the Hamiltonian representing the
nuclear-electron coupled system,*>*3

1 2 [+ .
= J (o) = e f (H{ (OH(O))e ™ tdr,  (3)
1 —®

J(0)+——

— #f<www®wwl—<®
1

where w,; is the nuclear Larmor frequency and J,(w) are
spectral densities of longitudinal (a=z) and transverse («
= 1) components of the fluctuating local field. It is noted
that Egs. (3) and (4) are valid in the weak collision limit in
which one assumes that the correlation time is much shorter
than the relaxation time so that many elementary processes
of fluctuations are required to induce a transition in the sta-
tionary nuclear Zeeman energy levels. In Eq. (4), we neglect
the contribution due to rigid lattice nuclear dipolar interac-
tion and we assume the fast motion regime, i.e., the fluctua-
tions of the local hyperfine field are fast with respect to the
interaction frequency itself.* Since each °’Fe nucleus is
dominated by the contact hyperfine interaction with the ionic
spin of the Fe’* ion to which the nucleus belongs, one has

H,=AL-S=A[LS, + 1/2(1,S, +1.S_)]= ywh(LH,+1 H ),
(5)

where we have introduced the local effective hyperfine field
H, (a=z, 1) and vy is the nuclear gyromagnetic ratio. Un-
der the assumption of an exponential decay of the correlation
function of the hyperfine field, one has from Egs. (3)-(5),

T

— 2\ 'c¢
n—%mm%+%ﬁ, (6)
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= szv(AHch, ()

where (AH y=A2 (S ) and (AHZ) A2<Sz> and we neglected
the second term in Eq. (4) since T, <T).

In the low temperature region, the fluctuations of the local
hyperfine field are due to the transitions among the low lying
m magnetic states. For temperatures below 2 K where our
measurements were performed, one can make the assump-
tion that the fluctuating field is due to random jumps between
two values of the hyperfine field*** corresponding to the
m==10 and m==9 states as shown by Goto er al. in
Mn12.% In this model one can assume a two-state pulse
fluctuation with the magnitude /4, of the random field jumps
and lifetimes 7y and 7|, respectively, for the two states. The
average fluctuating field between the two field values H,
=7oh,/(19+7) and Hy=—7h,/(79+7) can be written as
(AH ()= Tiho! (To+ 7).

Utilizing the detailed balance condition for the transition
probabilities and some algebra, one can derive (AHi) and 7,
to be used in Egs. (6) and (7),

(AH2) = —T 2 ~ —‘hi, (8)
(10+71) 7o
T, = UL T\, 9)
T() + T

where we used the fact that 7y=7_,0> 7,=7_9. The lifetimes
To=T_19 and 7;=7_¢ can be obtained from the spin-phonon
transition probabilities,*

1
= Wm~>m+l + Wmﬁm—l s (]O)
T
with
E,..—E,)’
Wm%mtl =CS11 ( =l ) B
exp[(Eps; — E,)/T] - 1

where s,,=(s¥m)(sxm+1)(2m=1)> and the spin-phonon
coupling parameter, C, will be assumed to be the same as
derived from proton relaxation in Fe8.?’

Finally, the forms of 1/7 and 1/T, are simplified as

L _ (ywh)? 7%

<T1)sp_ To l+a)% %’ (11)
) et
<T2>sp—(?’1vhz) . (12)

In this simple model both 1/7} and 1/7, are determined by
the known lifetimes of two lowest mth magnetic levels and
by the amplitude of fluctuating field, 4, which is the only
fitting parameter.

A more general formula for 1/7, had been obtained by
Kohmoto et al.** using a nonlinear theory of phase relaxation
in the pulse fluctuating field instead of using the correlation
function. We just present the result of the theory without
derivation,
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L _ l (’YthTl)z

= ——"* " 13
T, 71+ (yh.m)? (13)

In the fast motion regime (yyh,7)><<1 the above formula
becomes equivalent to Eq. (12). In the slow motion regime
(yyh.m)*>1, it leads to

=, (14)

which is identical to the result obtained in the strong colli-
sion regime as shown in the following.

B. Nuclear relaxation due to quantum tunneling

At low temperature the quantum tunneling of the magne-
tization (QTM) becomes an important factor in determining
the spin dynamics in Fe8 nanomagnet. At very low tempera-
ture the tunneling takes place in the ground state m==+10
(pure quantum tunneling regime) while at higher tempera-
tures the tunneling can occur in the higher energy states, i.e.,
m==9, m=+8, which are thermally populated by spin-
phonon transitions (phonon assisted tunneling regime). Since
the transverse terms in the Hamiltonian Eq. (1), which are
responsible for the tunneling splitting A, are normally much
smaller than the decoherence effects which generate the level
broadening 6 only incoherent tunneling is expected to occur
in the temperature range of our experiments (0.05—1.5 K).
We define here an incoherent effective tunneling probability
I" as the probability per unit time that a molecule reverses the
direction of its magnetization (with respect to the easy axis)
as a result of a tunneling transition with exchange of energy
with the thermal bath (phonons, nuclei). Since time depen-
dence of the orientation of the magnetization of the molecule
generates a fluctuating hyperfine field at the nearby nuclei an
additional contribution to nuclear relaxation associated with
the tunneling dynamics is expected. Two very different sce-
nario’s are possible. If the NMR experiment is performed in
a strong external magnetic field then the change of hyperfine
field due to tunneling can be a small perturbation of the
nuclear Zeeman energy and the perturbative weak collision
approach can still be used. In this case the tunneling contri-
bution to relaxation can be described by a simple expression

of the form
1 1 2r
(—) or (—) =Ai2—, (15)
Tl T T2 T F +(1)L

where A, (a=z or L) is the average fluctuating hyperfine
field due to the magnetization reversal when a tunneling tran-
sition occurs, wy, is the nuclear Larmor frequency, and T is
the effective tunneling probability defined above. An expres-
sion of the form Eq. (15) was indeed found to explain the
proton relaxation data in Fe8 when the proton NMR is ob-
served in an external magnetic field.?>

On the other hand, in the case of >TFe NMR in zero field
or in low fields as well as proton NMR in zero field the
change of local field due to a tunneling event cannot be
treated as a small perturbation. In fact a tunneling transition
between pairwise degenerate states, +m, results in the sudden
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inversion of the quantization axis for the nucleus. In this case
a sudden approximation strong collision approach should be
utilized to describe the nuclear spin-lattice relaxation rate.
The nuclear relaxation by strong collision has been treated in
details in the case of quadrupole relaxation by a sudden
change of the quantization axis as the result of molecular
reorientation.*” It has also been discussed in the special case
of relaxation in the rotating frame for modulation of the
nuclear dipolar interaction by ultra slow diffusional motion
in insulators.*®*° In the present case the situation is well
described by a strong collision due to the rapid inversion of
the magnetic field direction.”® Since the tunneling event oc-
curs in a time much shorter than the inverse of the nuclear
Larmor frequency a nonadiabatic approach is applicable*’
and one obtains that the nuclear relaxation transition prob-
ability W is practically the same as the tunneling transition
probability I" defined above, i.e.,

1 1
(E)T or (E)T=2W=C(2r)’ (16)

where c is a constant of the order of one and T is the effec-
tive incoherent tunneling rate. A derivation of Eq. (16) from
a master equation approach is given in the Appendix.

It is noted that for 1/T,, Eq. (16) is indeed the same as
Eq. (14) obtained in the slow motion regime. Also the strong
collision result Eq. (16) can be formally derived form Eq.
(15) in the limit of slow motion (I'> w;) when A ,=~ w;.

VI. ANALYSIS OF THE EXPERIMENTAL RESULTS
FOR NUCLEAR RELAXATION RATES

A. Spin-lattice relaxation rate (1/7;)

1. "Fe results in zero field and small longitudinal magnetic
fields

The temperature dependence of the >’Fe 1/T in zero ex-
ternal magnetic field is plotted in Fig. 4. The main feature
here is the 7-independent plateau reached below 0.4 K, the
same temperature at which the quantum tunneling regime is
observed in magnetization measurements.'”> In Fig. 5 we
show the field dependence at 1.35 K of the >’Fe 1/T; in
oriented powder with the magnetic field applied along the
main anisotropy axis z. The main feature in this case is the
sudden drop of the relaxation rate when a small longitudinal
field is applied. Again, this is a clear indication of the pres-
ence of a contribution to relaxation due to quantum fluctua-
tions since the contribution is removed by the small longitu-
dinal field which prevents quantum tunneling to occur.

In order to support our claim that the nuclear relaxation
rate is the direct measurement of the tunneling rate we esti-
mate the latter on the basis of existing theories and experi-
mental results, and compare it to 1/7}.

The incoherent tunneling probability can be written

as46,51,52

AW

mm' " m

T (E+AE, 2+ W

(17)

m,m’

A, v represents the tunneling splitting of the corresponding
m states. W,, is a broadening parameter of the magnetic m
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FIG. 10. Calculated tunneling probability I' versus T plot. In
inset, I' is plotted against H, (solid line) and H, with the tilting
angle, #=3° (dotted line) at 1.35 K.

state which includes both the lifetime broadening due to
spin-phonon interaction and the hyperfine interaction with
nuclei, and ¢ is the longitudinal component of the internal
bias field due to intermolecular dipolar interaction. Finally,
AE,, ,» represents the external bias due to the application of
a longitudinal field which splits the otherwise degenerate m
states.”> The measured quantity is the effective tunneling rate
obtained by summing the tunneling probability for the differ-
ent m states weighted by the corresponding Boltzmann facto,

T'=> T, exp(= E, /kgT). (18)

The tunneling splittings necessary to calculate I from
Egs. (17) and (18) can be calculated from the model Hamil-
tonian with the fourth order correction terms,

H=DS?+E(S; - S3) + gupS - H+ D,S? + Ej[S(S7 - 53)
+(S7 - )87+ C(S5+5H). (19)

The tunneling splitting in the ground state was measured
directly with Landau-Zener tunneling experiments and found
to be Ao~ 1077 K.!? Thus we use in Eq. (19) the values of
the parameters D=-0.293 K, E=0.047 K, D,=3.54
X107 K, E,=2.03X 10”7 K from Ref. 38 but for C we use
a different value, i.e., C=—2.7X 107 K so as to obtain
agreement with the experimental value of A,. Then by solv-
ing Eq. (19) we find A;p=0.5X10"7 K, Ag=3.6X107° K,
and Ag=1.3X10"* K. With the values of A, calculated
above inserted in Egs. (17) and (18) one explains both the
field dependence in Fig. 5 and the 7 dependence in Fig. 4
with a choice of fitting parameter W;;,=2.5% 10® (rad Hz),
W=7 X 10° (rad Hz), and Wg=9 X 10'° (rad Hz). The pa-
rameter £ in Eq. (17) was set é=4.4X 10° (rad Hz) corre-
sponding to the correct order of magnitude for intermolecu-
lar dipolar fields.”*> The broadening parameter W, for the
ground state is in good agreement with the value measured
directly by “hole digging” experiments.’ The rapid increase
of the broadening parameter W,, for m smaller than 10 is
consistent with the rapid increase of the density of states of
phonons, which contribute to W,, at higher temperatures. The
T and H dependences of I' calculated from the parameters
given above are shown in Fig. 10. We thus conclude that our
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measured I" is consistent with the tunneling splitting A, and
the broadening W, obtained from theory and different ex-
periments. We emphasize once more that NMR measures
directly the incoherent tunneling rate I while the consistency
with known values of the tunneling splitting is based on Eq.
(17) and is thus indirect. In principle the tunneling rate I
deduced from 1/T; under the assumption of Eq. (16) should
be directly comparable to the relaxation rate of the magneti-
zation measured with the SQUID. As a matter of fact, a value
of I'=0.5X 1073 s can be inferred at 50 mK from Landau-
Zener tunneling experiments'? in perfect agreement with our
result of 1/7,=2T"in Fig. 4. Other SQUID measurements in
the literature, although of the same order of magnitude as
ours, are more difficult to compare with the NMR results
either because they were performed in nonzero external field
or because the relaxation of the magnetization was strongly
nonexponential and only the initial decay of the magnetiza-
tion was analyzed with a square root of ¢ time
dependence >+

2. S'Fe results in transverse magnetic field

The transverse field dependence of 1/T; is shown in Fig.
6. Contrary to the case of the H, dependence, 1/7T increases
rapidly with increasing H . The spin-phonon contribution
calculated by Eq. (11) appears to be very long compared to
the experimental data, and weakly field dependent (dashed
line in Fig. 6). Thus we may think that QTM is responsible
for the fast increase of 1/T, because A, is expected to in-
crease exponentially in an applied transverse field as calcu-
lated from the model Hamiltonian. However, the tunneling
contribution given by Eq. (15) with the same parameters
used in the H, dependence of 1/7 increases too fast leading
to the wrong fit of the data above 0.2 T (dotted line in Fig.
6).

One may ask why the tunneling contribution predicted by
the theory cannot be detected in the experiments. The answer
could be given by the consideration of the fact that our
sample is aligned powder so that it would be difficult to
estimate the transverse field dependence of A,, due to the
distribution of molecules in the xy plane, and/or a small mis-
alignment of the sample may greatly reduce the tunneling
contribution. We argue that the tunneling effect on the relax-
ation rate 1/T, can be quenched by the presence of a small
longitudinal component of the field. In fact, it was found, by
proton NMR in Fe8 single crystal, that the tilting of 5° be-
tween the applied field and the xy plane eliminates the tun-
neling effects.”® In our measurements, the possibility of the
misalignment of the sample at least up to 5° should be taken
into account. If so, it would be difficult to observe the in-
crease of 1/T; due to the tunneling contribution. In order to
verify this argument, we simulated the situation in which the
sample is misaligned by 3° off xy plane on the assumption of
the azimuthal angle ¢=45¢. As it is clearly seen in Fig. 11,
the degeneracies between +m level pairs at zero field, which
are preserved without tiling angle [Fig. 11(a)], are removed
immediately by applying the transverse field for the mis-
alignment of 3° [Fig. 11(b)]. It means that the energy differ-
ence between +m levels cannot be treated as the tunnel split-
ting because +m levels are no longer degenerate states in the
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FIG. 11. Energy level diagrams of three lowest £m pairs in an
applied transverse field (a) with no tilting (b) with a tilting angle,
6=3°. It is evident that a small misalignment of the sample off xy
plane removes the degeneracy of +m sublevels.

tilted “transverse” field. It should be emphasized that this
situation is also true for a tiny misalignment, for example,
0.5°. Therefore, the predicted fast increase of A,, with a
transverse field does not take place in presence of an even
small misalignment of the sample.

When a transverse external field is applied, however, we
should consider “canting effect.” In the presence of a trans-
verse field, the direction of the internal local field, |H;,|, is
canted from the easy axis’®®’ by #=sin"!(M /M), where
M | is the transverse magnetization and M is the saturation
magnetization of the S=10 ground state. The length of the
effective magnetic field is given by |Hey|=|H;p+Heyl
=\r’/H12m+H§x[+ 2H,,H,, sin 6. The transverse components of
the fluctuation of the local field generated by canting of the
magnetization could be very efficient for the spin-lattice re-
laxation process. Consequently 1/7, due to canting effect
should be added to the spin-phonon and the tunneling con-

tributions,
1 1 1 1
pelr) ) F) e
Tl Tl cant Tl sp Tl T

In presence of canting of the magnetization the transverse
components of the hyperfine field are proportional to sin ®
where O is the angle between H,g and H;,,. The angle can be
estimated from the field dependence of the NMR spectral
line and using the relation @=cos \[(H+Hyy
—H? )/2H g Hy, ] Here we assume that (1/7)),, can be
obtained replacing yyh, in Eq. (11) with asin ® where «
=4.1x 108 (rad Hz) is chosen in order to fit the data. The
agreement between the data and the theory, as it is shown
with the solid line in Fig. 6, is very good except for the small
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deviations at low fields. Therefore, one concludes that for the
H, dependence of 1/T,, (1/T)¢u> (1/T)),+(1/T))7.

B. Spin-spin relaxation rate (1/7,)
1. 5'Fe magnetic field dependence of 1/T),

The longitudinal and transverse field dependences of 1/7),
are shown in Fig. 7. In the longitudinal field, 1/7, decreases
at a moderate rate with increasing H_,, while it is almost
constant in the transverse field. 1/7, in both directions can
be fitted by Eq. (12) with yyh,=2X 107 (rad Hz). The tun-
neling contribution calculated from Eq. (16) is negligible so
that the spin-phonon contribution is dominant for 1/7,. Also
it turns out that the canting of the magnetization has no effect
on the transverse field dependence of 1/T, due to the fact
that it affects only the transverse component of the fluctua-
tion of the magnetization.

2. SFe temperature dependence of 1/T,

For the temperature dependence of 1/7,, the data is fitted
well above 1 K with Eq. (12), but it starts to deviate below
1 K as shown in Fig. 8. The discrepancy between the data
and the theoretical curve can be resolved by adding the con-
stant value of 1.6 X 10? s. Thus, 1/ T, seems to level off at a
constant value, as in the case of 1/7,. However, the origin of
the leveling-off of 1/7, cannot be the tunneling dynamics
because its contribution from Eq. (16) is negligible at all
temperatures. We argue below that the constant value of 1/7,
for T—0, ie., 1.6 X 10° s arises from the nuclear dipolar
interaction mostly between °>’Fe and 'H nuclei.

The irreversible decay of the transverse magnetization
(i.e., T, process) due to the nuclear dipolar interaction may
originate from two contributions: (i) the dipolar interaction
between like nuclei, (ii) the fluctuation of the dipolar fields
arising from unlike nuclei. The order of magnitude of these
contributions can be estimated from the calculation of the
Van Vleck second moments.”® For *’Fe NMR in Fe8, (i)
should be negligible because the second moment M, due to
>TFe nuclei is estimated to be of the order of 7 X 10? s72,
which is four orders of magnitude smaller than M,~ 1.6
X 107 572 for ’Fe—'H dipolar interaction. Then, the contri-
bution (ii) must be the dominant one. In the weak collision
fast motion approximation one can express 1/7, in terms of
the spectral density at zero frequency, J.(0), of the fluctua-
tions of the hyperfine field. Since in the present case the
hyperfine field is the dipolar interaction due to the 'H nuclear
moments at the 'Fe site one can write 1/7,~M,J°(0)
~M,T,, where 7, is a correlation time and M, is the second
moment™® of the 'H—>"Fe dipolar interaction. We should
point out that the formula mentioned above has the same
form as Eq. (7), and so it is valid only in the fast motion
regime, i.e., \M,7,<1. If we identify 7, with the proton 7,
value (~1073s) measured at low temperatures’® then
VM,7,=4 indicating that the fast motion approximation is
not applicable. Then one must refer to the quasistatic ap-
proximation whereby the effect on the relaxation of the *'Fe
nuclear transverse magnetization arises from the dephasing
of the Hahn echo due to the slow fluctuations of the °’Fe—'H
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dipolar interaction.”® By using the line narrowing approach
in the nearly static regime one has that the contribution to the
decay of the echo signal can be expressed approximately as>

M 1/3
1T = (—2> . 21
2 127, @D

With the values quoted above for M, and 7. one has 1/ Tiff
=1.1X10% s7! in excellent agreement with the low T limit-
ing value of >'Fe 1/T, of 1.6X10%s—1. It is noted that
strictly speaking the decay of the echo signal in the nearly
static regime is not exponential.’® In our case the detailed
study of the form of the decay curve of the transverse mag-
netization is prevented by the weakness of the NMR signal.
However, the above discussion of the orders of magnitude
remains valid.

C. Comparison of 'Fe relaxation rate in Fe8 with H
relaxation in Fe8 and 5Mn relaxation in Mn12

On the basis of Eq. (16) we have argued that the measured
1/T, in Fig. 4 is a direct measurement of the incoherent
tunneling rate I'. It is instructive to observe that the strong
collision result [Eq. (16)] can be obtained as a limit of the
weak collision result, Eq. (15). In the limit of slow motion
(I'< w;) and for the case of a total change of local field, i.e.,
A,=w;, Eq. (15) does indeed reduce to the strong collision
case Eq. (18). For the case of ’Fe NMR the local hyperfine
field is directed along the magnetization of the molecule and
a tunneling event corresponds to a simple reversal of the
direction of the quantization field for the nucleus detected.
Thus one may argue that A,=w; in Eq. (15) and thus in the
slow motion, strong collision limit Eq. (16) and Eq. (15)
coincide for c=1. On the other hand, for '"H NMR a tunnel-
ing event corresponds to a change of both longitudinal and
transverse components of the local hyperfine field at the pro-
ton site. Also each tunneling event affects the direction of the
quantization axis of several protons close to the Fe** mo-
ments. These effects may lead to a constant ¢ in Eq. (16)
much bigger than one. The theoretical estimate of the con-
stant ¢ for the case of protons NMR in zero field is outside
the scope of this paper and thus we treat ¢ as an adjustable
parameter in the fit of the proton data.

We compare now the results for >’Fe NMR with our data
for '"H NMR in Fig. 9. Proton relaxation data in zero field
have been published earlier®® in non enriched Fe8. Our data
in enriched ’Fe8 show the same T dependence but are al-
most a factor of 2 larger which should be related to the
nuclear spin isotope effect on the tunneling rate.'* As can be
seen the results for the 7" dependence of the proton relaxation
in zero field track the ones for 3’Fe with a rescaling factor of
the order of 10. This is consistent with the argument that the
relaxation of both nuclei measure directly the effective tun-
neling rate I" according to Eq. (16). The multiplication factor
of 10 can arise from the value of the constant ¢ in Eq. (16)
which can be larger for '"H NMR for the reasons discussed
above.

Finally the *’Fe relaxation data in Fe8 are compared in
Fig. 12 with the *>Mn relaxation data in Mn12 from Ref. 62.
We emphasize that the Mnl12 case is more complicate than
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FIG. 12. Comparison of the temperature dependence of Spe
1/T; in Fe8 (full line) with >>Mn 1/7; in Mn12, extracted from
Refs. 61 and 62. Inset shows the analogous comparison for the
longitudinal field dependence. It is noted that as expected the small
anomaly at the level crossing field both in Fe8 (H.~0.22 T) and
Mnl2 (H.~0.5 T) are observed at temperatures where the first ex-
cited states are thermally populated, and thermal assisted tunneling
takes place.

Fe8. One could reinterpret the Mn relaxation data in terms
of strong collision with a caveat, the *>Mn 1/7 in Mn12 is
dominated by the presence of a sizeable fraction of fast re-
laxing molecules combined with intercluster nuclear spin dif-
fusion as shown in Refs. 61 and 62. Thus the low T plateau
of 1/T; in Mn12 should not be directly related to the tunnel-
ing rate of the bulk Mn12 sample but rather to a combination
of the tunneling rate of the fast relaxing molecules and of the
intercluster spin diffusion rate.

VII. SUMMARY AND CONCLUSIONS

A comprehensive °’Fe NMR study has been carried out in
order to investigate the static and dynamic magnetic proper-
ties in Fe8 molecular cluster. The temperature dependence of
the resonance frequency in zero field is well explained in
terms of the average total magnetic moment of the molecule
which is reduced by thermal fluctuations as the temperature
increases. The quantum tunneling of the magnetization
(QTM) was detected by measuring the nuclear spin-lattice
relaxation rates of >'Fe as a function of the temperature and
of longitudinal field. We argue that the tunneling contribution
to 1/T; in zero external magnetic field or small fields should
be described in the framework of a strong collision theory.
This leads to the remarkable result that at low fields and low
T the relaxation rate is a direct measure of the tunneling rate.
The direct measurement of the tunneling rate by NMR can
be generalized to other molecules and should thus be a valu-
able tool to measure the tunneling rate in molecular nano-
magnets under different experimental conditions. For the
proper description of the tunneling effect, we propose a
simple phenomenological model in terms of the tunneling
probability that is determined by the tunnel splittings be-
tween pairwise degenerate +m states. The experimental data
are in good agreement with our theoretical calculations when
both the thermal excitations due to spin-phonon interaction
and the tunneling dynamics are included. For the spin-
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phonon interaction we used values of the spin phonon cou-
pling constant derived previously from proton NMR in FeS.
Regarding the tunneling effect we find that in order to fit the
data one must assume a large fourth order term in the in-
plane anisotropy of Fe8. This result is, however, consistent
with previous observations reporting a tunneling splitting
much larger than predicted on the basis of published values
of the anisotropy constants and the fact that the >’Fe isotopic
enrichment increases the tunneling splitting. We compared
our >'Fe relaxation data in Fe8 to the >Mn relaxation in
Mn12 to suggest that in the latter the nuclear relaxation data
at very low T may also be reinterpreted in terms of a strong
collision relaxation mechanism. When the magnetic field is
applied perpendicular to the main easy axis we find the un-
expected result that the tunneling dynamics does not contrib-
ute to the measured 1/7;. We demonstrate that the negligible
tunneling effect in the transverse field is due to the break-
down of the degeneracy of +m pairs by an inevitable tilting
of the sample off the xy plane. Finally, it turns out that the
tunneling dynamics gives no effect on both the temperature
and field dependences of 1/7, which can be explained in
terms of >’Fe—'H nuclear dipolar interaction.
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APPENDIX: NUCLEAR RELAXATION IN THE STRONG
COLLISION LIMIT

In most NMR measurements, the nuclear relaxation can
be described by a perturbative approach (i.e., weak collision
approach). It is obvious that the weak collision approxima-
tion is no longer valid if the local quantization field at the
nuclear site reverses suddenly by, for example, the quantum
tunneling of the magnetization.

This situation with a nuclear spin 1/2 is illustrated in Fig.
13. The two Hamiltonians are given by H,,=v,H,; 1
where I is the nuclear spin vector. The corresponding eigen-
states are |+), and |+ ),, respectively, and it is obvious that
|+),=|F),. If the change of the local field is very fast com-
pared to the nuclear Larmor frequency, i.e.,
dH,,./dt-1/H,.> w,=y,H,,., one may use the sudden ap-
proximation. In this case, since the nuclei (spin 1/2) cannot
follow the change of the rapid reversal of the local field, the
nuclear spin states cannot change, but the excited energy
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FIG. 13. The situation with a nuclear spin %

state becomes ground state, and vice versa, after the jump of
the local field. Therefore the populations in the two nuclear
states must fulfill the following relation:

N;=N,.
The rate equation for the populations for the Hamiltonian H,,

dN;
7= W=0 = [+)IN, = W +)a = )N,

(A1)

dN,

1 =W = [2)dN = W(=)a = [+))N,, (A2)
where W denotes the transition rate. Also one can have simi-
lar equations for H,,. It is easily seen that from Fig. 13 W’s
should be symmetric. Therefore,

Wl +)a = =) = Wl + ), — [-)0) = W,

W(=)o = [+)) =W(-)— [+)) =W,  (A3)

We assume now that the coupled system of nuclei and mol-
ecules are in thermal equilibrium with the lattice so that
WE=W* exp(~hw,/kzT). Since hw,<kgT at all accessible
temperatures, i.e., the Boltzmann factor e~ fronlkpT 1, one has
in practice W*=I"~W~* where I is the transition rate of the
local field. From Egs. (A2) and (A3), one can have

M, _ 2T(M, - M,)
dr a0
M
d—t” =—21(M, - M,), (Ad)

where the magnetizations M, ;, are given by the relationship
M =¥ l(N,,—N,,), and M, is the equilibrium magnetiza-
tion. Here we assumed that M ,=M,,.

Thus, in this simple model, the nuclear spin-lattice relax-
ation rate 1/7 is equivalent to 21, i.e., twice the transition
rate of the local field,

1
—=2I.

T, (AS)
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