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We present an investigation of the �Fe19�metheidi�10�OH�14�O�6�H2O�12�NO3·24H2O �henceforth Fe19� high
spin magnetic molecular cluster, based on proton NMR measurements obtained in the low temperature
regime 0.4–10 K. The onset of a local static field �in the NMR time scale� is observed below about 1 K both
in zero external field and with an applied field. In order to discriminate between single molecule spin freezing
and the onset of long-range intermolecular magnetic order, as inferred from specific heat measurements
�M. Affronte et al., Phys. Rev. B 66, 064408 �2002��, proton spin-lattice relaxation measurements were
performed. For applied fields larger than 0.1 T, the spin-lattice relaxation is driven by the fluctuations of the
single molecule magnetization, consistent with a single molecule frozen state. On the other hand, at zero
external field, the relaxation rate becomes much faster and it displays, below 1 K, a nearly power law T
dependence, characteristic of nuclear relaxation driven by magnons as expected in the presence of an antifer-
romagnetic long-range ordered phase. The results are discussed in terms of nuclear relaxation due to Raman
two-magnon and three-magnon processes. We find good agreement with the theory for an intermolecular
superexchange interaction J�1 mK, while some ambiguity remains about the size of the gap in the spin-wave
spectrum.

DOI: 10.1103/PhysRevB.74.184408 PACS number�s�: 75.50.Xx, 76.60.�k, 75.75.�a, 75.40.Gb

I. INTRODUCTION

The strong intramolecular superexchange interactions
present in molecular clusters generate magnetic ground states
with high total spin values, at low temperatures. Since the
intermolecular interactions are relatively weak as compared
to the intramolecular ones, these molecular clusters have
been widely and predominantly investigated for their single
molecule magnetic properties which, in presence of aniso-
tropy, include some remarkable spin dynamical phenomena,
such as superparamagnetism and quantum tunneling of the
magnetization.1–7 Recently, there has been a renewed interest
in these clusters in view of the possibility of observing the
onset of long range magnetic order �LRMO� among the col-
lective molecular spins �arranged in a crystallographic lat-
tice� as driven by weak intermolecular interactions. A phase
transition to an ordered state can be realized if the energy
scale of the anisotropy is sufficiently small so that the total
spins of the molecules do not freeze above the ordering tem-
perature. In clusters with a large anisotropy, such as Mn12
and Fe8, the onset of LRMO is prevented by the single mol-
ecule superparamagnetic freezing occurring at relatively high
temperatures. On the other hand, there exist a number of
clusters with small anisotropy for which the onset of LRMO
has been indeed reported: Fe19,

8 Mn4Br,9 Mn4Me,10 and
Fe14.

11 In these systems, the weak intermolecular interactions
leading to LRMO appear to be of superexchange nature,
while in Mn6Br �Ref. 12� and Fe17 �Ref. 13� it is believed to
be purely dipolar.

NMR is a suitable microscopic technique for probing both
the local static hyperfine field arising in the LRMO phase
through the NMR spectra, and the nature of the collective
excitations above such a state through nuclear relaxation
measurements. In this paper, we report proton NMR line

shape and spin-lattice relaxation measurements in a Fe19
polycrystalline sample which confirm the onset of LRMO in
zero applied field at T�1 K. The new relevant result here is
that our measurements yield information about the magnon
band, which appears in the LRMO state.

II. SAMPLE PROPERTIES
AND EXPERIMENTAL DETAILS

The chemical formula of the Fe19 molecule is
�Fe19�metheidi�10�OH�14�O�6�H2O�12�NO3·24H2O, where
the ligand metheidi is N-�1hydroxymethylethyl�imino-
diacetic acid, N�CHmethylCH2OH��CH2CO2H�2. Details
about the synthesis and the structural characterization can be
found in Ref. 14. The physics of the ground state S=33/2
manifold of each molecule, can be described by the effective
spin Hamiltonian

H = g�BS� · B� 0 + D�Sz
2 − 1

3S�S + 1�� + E�Sx
2 − Sy

2� , �1�

where the first term is the Zeeman coupling with the applied
magnetic field B0, whereas the remaining terms account for
the single ion anisotropy. In particular, the anisotropy param-
eters D and E stand for the axial and the rhombic contribu-
tions to the zero-field splitting, respectively. Their values are
D=−0.05 K and E=0.0072 K, as obtained by EPR
measurements.14 Hence, neglecting E and for an applied field
B0 along the main anisotropy axis, the energy levels at low
temperatures can be expressed in terms of the quantum num-
ber m as

Em = − 0.05�m2 − 96.25� + 1.33mB0, �2�

where the energy is taken in units of Kelvin, and g=2. Ac-
cording to Eq. �2�, in the S=33/2 manifold, and for zero
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field, the energy barrier separating the lowest �m= ±33/2�
from the highest �m= ±1/2� levels is �E=13.6 K, whereas
the lowest excitation energy is 1.6 K. Thus, in our low tem-
perature measurements, only a few of the low-lying states are
thermally populated.

A slow relaxation of the magnetization has been observed
in Fe19 by magnetic measurements with the mean relaxation
time following, for T�0.2 K, an Arrhenius law �=�0
�eU/kBT, with energy barrier U /kB=9.2 K and attempt time
�0=1.4�10−10 s, the fastest observed so far in molecular
magnets.8 The relaxation of the magnetization is though rela-
tively fast at low T, and the system enters a LRMO state �due
to the intermolecular interactions� before the superparamag-
netic freezing becomes effective. The transition to a LRMO,
at TN=1.19 K, has been inferred from a lambda anomaly in
the specific heat measurements while the low T magnetiza-
tion measurements suggest an antiferromagnetic �AFM� or-
dering of the magnetic moments that is attributed to weak
superexchange interactions between the adjacent Fe19
molecules.8

We have performed 1H NMR measurements in a poly-
crystalline Fe19 sample with a TecMag fourier transform
�FT� pulse spectrometer. The proton NMR spectra were ac-
quired by sweeping the external magnetic field while keep-
ing the irradiation frequency constant. The echo was ob-
tained by a standard Hahn echo pulse sequence with a typical
� /2 pulse length of 3 �s, with the separation between the
pulses being 10–15 �s depending on the experimental con-
ditions. The 1H spin-lattice relaxation T1

−1 rate was measured
at the center of the spectrum by monitoring the recovery of
the nuclear magnetization following a saturating comb of rf
pulses. The recovery of the nuclear magnetization was found
to be nonexponential �stretched exponential� in the whole
temperature range due to the distribution of relaxation rates
of the different protons sites in the cluster. The T1

−1 values
reported here were calculated by fitting the data at each T by
a stretched exponential function. The experiments were car-
ried out in the temperature range 0.4–10 K using �i� a con-
tinuous flow cryostat �T�4 K�, �ii� a bath cryostat �1.4–
4.2 K�, and �iii� a closed cycle He3 cryostat �T	2 K�.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The temperature evolution of the 1H NMR spectra at low
temperatures �T	2 K� is presented in Figs. 1 and 2, for two
different irradiation frequencies, 5.81 MHz and 8.085 MHz,
respectively. From the high temperature region �not shown�
down to 1 K, the spectra consist of a single symmetric line
whose width progressively increases by decreasing tempera-
ture in a way proportional to the magnetic susceptibility.15

The behavior is typical of an inhomogeneously broadened
line where the overall width of the spectrum is proportional
to the local magnetic moment. A different behavior is ob-
served for T	0.8 K where the spectrum abruptly becomes
strongly asymmetric and broad �see Figs. 1 and 2�.

Another important feature of the proton NMR in Fe19 is
that the signal intensity of the integrated spectrum decreases
drastically in an intermediate temperature regime indicating
the loss of nuclei from the observed resonance line �wipeout

effect�. This effect was thoroughly studied in Ref. 15 from
room temperature down to 4 K for a series of single mol-
ecule magnets �SMM’s� including Fe19. The wipeout of the
proton NMR signal intensity that takes place in the interme-
diate temperature range was shown to arise from the cou-
pling of nuclear spins with slow fluctuating degrees of free-
dom, i.e., the exchange coupled magnetic ions within each
molecule. By lowering the temperature, the electronic spin
correlation time �c�T� �which describes the dynamics of the
exchanged coupled magnetic ions� gets longer and the spin-
spin relaxation rate T2

−1 that varies as T2
−1��c�T� �fast motion

approximation�,16 becomes so fast that the nuclei relax be-
fore they can be observed in a NMR experiment �wipeout
effect�. At a given temperature, denoted here by Tf, the cor-
relation time �c�T� becomes so long that �c
hL�1 �where hL

denotes the fluctuating local field�, and the motional narrow-
ing limit breaks down. Below Tf, the local field hL becomes
static in the time scale of the Larmor precession period in the
local field itself. As a consequence, the line broadens inho-
mogeneously, the T2 increases again towards the value cor-
responding to nuclear dipolar interactions, and the NMR sig-
nal intensity recovers, as can be observed in Figs. 1 and 2.

It must be pointed out that the relaxation measurements
reported in the present paper refer to the low temperature
regime, where the signal intensity is recovering its full inten-
sity. Because of the width of the line, many T1

−1 measure-

FIG. 1. 1H NMR spectra in Fe19 as measured at constant irra-
diation frequency �L=5.810 MHz and for T	1.5 K.
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ments presented here refer only to a part of the spectrum.
However, in the absence of the wipeout effect the results
should be representative of an average of all nuclei in the
sample. The appearance of a broad distribution of static local
internal fields at the proton sites is a result of the frozen Fe3+

spin configuration in the high spin ground state. A frozen
spin configuration in the time scale of the interaction energy
��
hL�−1�3�10−8 s, see Figs. 1 and 2� is in relatively good
agreement with the relaxation time of the magnetization
which yields �=4�10−6 s, at T�0.8 K.8

The onset of a static local field at the proton sites at low T,
is supported by the appearance of a weak zero field proton
NMR signal which can be observed in a broad frequency
range, �L��5–21� MHz. This signal appears around 1 K, as
measured for different irradiation frequencies �see Fig. 3�a��.
A static local field at the proton site is expected once the Fe3+

magnetic moments are in a frozen spin configuration. If this
configuration is due to the superparamagnetic blocking, the
molecular spins freeze along the direction dictated by the
magnetic anisotropy. Alternatively, if the intermolecular in-
teractions are strong enough, the neighboring molecular
spins are correlated and the system can be stabilized in a
LRMO state. The discrimination between these two physi-
cally different phases �i.e., superparamagnetic blocking vs
LRMO� is not possible with a static NMR experiment at zero
field, as both scenarios are equally supported by the presence

of a zero field signal. On the other hand, a thorough study of
the nuclear spin-lattice relaxation mechanism can shed light
on the nature of the low-T magnetic state, since the excita-
tion spectrum and hence the spin dynamics should be quite
different for a LRMO state and a single spin frozen state.

Our experimental results for the nuclear spin-lattice relax-
ation rate �NSLR� T1

−1 are presented in Figs. 3�b� and 4.
These data were acquired for �i� three different values of the
external magnetic field �always higher than 0.12 T� and for a
temperature range where the signal intensity starts to recover
�Fig. 4�, and �ii� at zero external field and for irradiation
frequency of �L=5.81 MHz �Figs. 3�b� and 4�. The most
striking experimental result is the spectacular effect of the
external magnetic field, on the magnitude and the tempera-
ture dependence of the NSLR. The zero field NSLR is
strongly temperature dependent and its value is enhanced by
three orders of magnitude as compared with the correspond-

FIG. 2. 1H NMR spectra in Fe19 as measured in the low tem-
perature regime for irradiation frequency �L=8.085 MHz.

FIG. 3. �a� Zero field 1H NMR intensity as measured at two
different irradiation frequencies, �L=5.81 MHz �•� and �L

=8.085 MHz ���. �b� 1H spin-lattice relaxation rate T1
−1 data ��� vs

temperature measured at zero external field and for irradiation fre-
quency �L=5.81 MHz. The dashed and the dotted lines are the best
fit to the data with Eq. �7� for J=1.3±0.2 mK, and Eq. �8� for J
=1.2±0.2 mK, respectively. For comparison purposes, we also plot
�solid line� the expected temperature dependence of T1

−1 according
to Eq. �4�, for zero external field and at the resonance frequency
corresponding to a local internal field hL=0.2 T. The onset of a
signal intensity at zero field at about 1 K in part �a�, combined with
the NSLR data in part �b� is a strong indication for a LRMO state.
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ing rate in the presence of small applied fields �e.g., at
0.138 T�. This remarkable change in the spin dynamics is
strongly indicative of the presence of a relaxation mecha-
nism at B0=0 T which is drastically different from the one
operating at the given finite fields �B0�0.13 T�. We propose
that our NSLR data can be explained �see below� by the
presence of collective spin-waves excitations in a LRMO
state at B0=0 T. As mentioned above, this scenario is sup-
ported by magnetic and specific heat measurements showing
the onset of an ordered state at TN�1.19 K for B0=0 T,
which remains stable only for very low values of the external
field, namely for B0	0.12 T;8 for higher fields a single mol-
ecule superparamagnetic state is stabilized.

A. Nuclear spin-lattice relaxation for B0�0.13 T:
The superparamagnetic phase

The NSLR data presented here for B0�0.13 T refer to a
temperature and field range in which the superparamagnetic
blocking is effective; the temperatures considered are such
that most of the molecules are in their high spin S=33/2
manifold, and the applied fields are low enough so that the
anisotropy barrier is not drastically modified. The NSLR can
thus be attributed to the fluctuations of the Fe3+ magnetic
ions due to intrawell transitions.17,18 The NSLR can be ex-

pressed in terms of the spectral density of the transverse
component of the local �i.e., at the proton sites� hyperfine
field h±�t�, evaluated at the proton Larmor frequency �L. As
explained in Refs. 17 and 18, this spectral density can be
approximated with the corresponding one of the orientation
of the total magnetization of the molecular cluster. In turn,
the latter is driven by the irreversible decay of the spin cor-
relations due to the spin-phonon coupling and this can be
described phenomenologically by introducing the lifetime
broadening parameters 1 /�m �given below� for each sublevel
m. This gives, for the NSLR:17,18

1

T1
=

A

Z
�
m

�m exp�− Em/kBT�
1 + �L

2�m
2 , �3�

where Z is the partition function, 
N is the nuclear gyromag-
netic ratio, �L is the Larmor frequency, and A is the average
of the square of the hyperfine interaction energy. The energy
eigenvalues Em, are given by Eq. �2�, while the parameters
�m of the individual m sublevels can be expressed in terms of
the spin-phonon transition rates W from m to m±1, and m±2
as follows19

�m
−1 = Wm→m+1 + Wm→m−1 + Wm→m+2 + Wm→m−2, �4�

with

Wm→m±1 = C� s±1
�Em±1 − Em�3

exp�
�Em±1 − Em�� − 1

Wm→m±2 = 1.06C� s±2
�Em±2 − Em�3

exp�
�Em±2 − Em�� − 1
, �5�

where s±1��s�m��s±m+1��2m+1�2, and s±2

��s�m��s±m+1��s�m−1��s±m+2�. Here C��D�2 /
�12��u5�4�, where � denotes the mass density, u the sound
velocity, and D� the spin-phonon coupling constant which is
related to the axial anisotropy constant D in Eq. �1�.19 In the
slow motion regime, ��m�L�1�, which is relevant at low
temperatures, the parameters A and C� appear in Eq. �3� only
as a product, AC�.

The optimal fit to our data, according to Eqs. �3�–�5�, is
shown in Fig. 4 �solid lines� and provides us with the product
AC�=4�109 rad/s3 K3. This value is three orders of magni-
tude smaller than the corresponding one in Mn12 �Ref. 17�
and four orders of magnitude smaller than in Fe8.18 Since, in
molecular nanomagnets, the hyperfine parameter A for pro-
tons takes values in the range 1012–1013 rad/s2 �Refs. 17, 18,
and 20� the main source of difference among the three dif-
ferent clusters is to be attributed to the spin-phonon coupling
constant C�. A smaller value of C� in Fe19 is consistent with
the smaller value of the anisotropy constant D� in Fe19 with
respect to the other two clusters. It should also be noted that
the value of C�is very sensitive to the elastic properties of the
molecule via the sound velocity parameter u.

B. Nuclear spin-lattice relaxation at B0=0 T:
The LRMO phase

As we pointed out above, the nuclear spin-lattice relax-
ation mechanism is severely affected by the presence of the

FIG. 4. 1H spin-lattice relaxation rate T1
−1 vs temperature as

measured at zero external field for an irradiation frequency �L

=5.81 MHz together with data at different external fields at the
corresponding Larmor frequencies. The solid lines are the fits ac-
cording to Eq. �4�, the dashed line is the fit to the zero field data
from Raman processes �Eq. �7�� whereas the dotted line is the ex-
pected temperature dependence from three-magnon relaxation pro-
cesses �Eq. �8��.
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magnetic field. The fact that the NSLR below 1 K �Fig. 4�
increases by more than three orders of magnitude when the
external field is reduced to zero from the low value of 0.13 T
indicates a dramatic change in the excitation spectrum as one
would expect if the system develops long-range magnetic
order and collective excitations. As we show below, this
drastic increase in the nuclear relaxation rate and its strong
temperature dependence are clear signatures of relaxation
due to scattering with magnons. In particular, the nuclear
spin-lattice relaxation in ordered magnetic insulators arises
via the hyperfine interaction, when a nuclear spin directly
interacts with one or more spin waves. First and second order
scattering processes involving one, two, and three magnons
have been treated in detail in Ref. 21. We will consider here
only the more important first order processes. The direct re-
laxation process involving a nuclear spin flip accompanied
by the creation of a spin wave should be negligible in an
AFM ordered state due to the difficulty to satisfy energy
conservation even in the presence of a small gap in the spin-
wave spectrum. The two-magnon Raman process does not
present this difficulty although it requires an anisotropic hy-
perfine interaction in order to satisfy the conservation of an-
gular momentum. Since the hyperfine interaction of protons
with the Fe3+ is predominantly of dipolar origin, the Raman
process should be significant here. The expression for the
corresponding nuclear relaxation rate is:21

1

T1
=

A2

�2�e

8 sin2�

�2��3b6	 kBT

��e

3�

TAE/T

� xdx

ex − 1
, �6�

where TAE is given in terms of the �AE, as TAE=
��AE

kB
; also

��e=2JzS, where J is the intermolecular exchange interac-
tion and z is the number of nearest neighbor molecules. The
parameter b is defined as b2�2/z and � denotes the angle
between the local hyperfine field at the nuclear site and the
anisotropy axis, which is the quantization direction for the
electronic spins. The angle � can be different from zero only
for dipolar hyperfine interaction. In order to fit the data with
Eq. �6�, we set the values of the parameters that are approxi-
mately known to reduce the fitting parameters to only two,
i.e., J and TAE. Thus, by choosing for the average dipolar
hyperfine interaction �A / � �2=1012 rad s−2,17,18,20 z=6 and
sin2�=0.5 �i.e., by considering an average over all angles�
one has

1

T1
= 2.2 � 10−9T3

J4 I2�TAE/T� , �7�

where I2�TAE /T� is the Debye integral and J is expressed in
units of temperature. As shown by the dashed line in Figs.
3�b� and 4 a satisfactory fit of the data can be obtained by
choosing TAE=1 K and J=1.3 mK. These values should be
considered with an uncertainty of about 20% in view of the
limited temperature range of the experimental data.

Besides the Raman process described above, the three-
magnon processes can also contribute to the nuclear
relaxation21 and should thus be considered also in our case.
For example, in canted antiferromagnets such as KMnF3, a
T5 law has been detected experimentally22 and justified theo-
retically in terms of three-magnon processes. The contribu-

tion to the NSLR from the three-magnon processes for AFM
insulators, as derived by Beeman and Pincus,21 is given by

1

T1
= 	 A2

�2�e

� 5

S�2��5b9
	 kBT

��e

5

I3	��AE

kBT

 �8�

Here, S is the total spin and I3���AE /kBT� is a temperature
dependent integral.21 Choosing, as above, �A / � �2

=1012 rad s−2 and z=6, the data can also be fitted �dotted line
in Figs. 3�b� and Fig. 4� by the three magnon process for
TAE=0.1 K and J=1.2 mK.

We conclude that both the Raman and the three-magnon
processes can account for the size and T dependence of the
nuclear relaxation in the LRMO phase. In the first case, one
would estimate a gap TAE=1±0.1 K and an intermolecular
interaction J=1.3±0.2 mK, while in the second case, we
have TAE=0.1 K and J=1.2±0.2 mK. Unfortunately, based
on the available experimental data, it is not possible to dis-
tinguish between the two possible relaxation mechanisms or
their relative contributions to the nuclear relaxation process.
Correspondingly, the remaining uncertainty in the size of the
spin wave gap could be resolved by nuclear relaxation mea-
surements at ultra low temperatures �T	100 mK�.

IV. SUMMARY AND CONCLUSIONS

We have carried out a detailed 1H NMR study of the static
and dynamic properties of the Fe19 molecular magnet at low
temperatures. The proton NMR spectra �Figs. 1 and 2� for
T	2 K gain rapidly in intensity, and for Tf�0.8 K a broad
distribution of static local internal fields is observed. This
behavior is indicative of the “freezing” of the Fe3+ magnetic
moments, in the NMR time scale, as the system condensates
in its high spin ground state of S=33/2. We notice here that
the signal shown in Figs. 1 and 2 arises mainly from the local
fields in the frozen superparamagnetic phase given that the
signal from the LRMO phase is only the low intensity signal
observed for B	0.1 T. Since no discontinuity is observed in
Figs. 1 and 2 going from B=0 to B=0.1 T, the field above
which the LRMO appears to disappear,8 one draws the con-
clusion that the internal field is almost the same in the frozen
state and in the LRMO state.

A frozen spin configuration in this temperature range is
also supported by magnetization relaxation data.8 The 1H
NSLR data reported here for B�0.1387 T and at low T
�where the molecules are in their high spin magnetic state�,
can be explained in terms of a phenomenological model17,18

whereby the NSLR is attributed to the fluctuations of the
Fe3+ magnetic moments due to intrawell transitions triggered
by the spin-phonon interactions. The spin-phonon coupling
constant obtained from the NSLR data is very small com-
pared to the ones found in the Mn12 and Fe8 clusters, which
can be expected since the value of the anisotropy constant D
is very small in Fe19.

The new relevant experimental result of the present study
is the drastic effect of the external magnetic field, on the
magnitude and temperature dependence of the NSLR. In par-
ticular, as the external field decreases from 0.1387 T down to
zero, the NSLR increases by three orders of magnitude. This
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behavior reveals a significant modification of the excitation
spectrum, which is attributed to the stabilization of a long-
range magnetic ordered state for external magnetic field B0
	0.13 T. In the LRMO state the gap between the single
molecule ground state and the first excited state, which is
responsible for the very long nuclear relaxation time in the
superparamagnetic phase, becomes filled with a continuum
of magnon states. Our interpretation is in agreement with
magnetization and specific heat measurements which show
the onset of an AFM state for B0	0.12 T.8

The nuclear relaxation rate in the LRMO state can be
explained both in terms of Raman and/or three-magnon pro-
cesses according to the theoretical formulas of Beeman and
Pincus;21 both providing an estimate of the exchange param-
eter J to be of the order of J�1 mK, consistent with the J
value estimated from the Weiss temperature �=−1.7 K,8 un-
der the assumption of an isotropic Heisenberg AFM Hamil-
tonian. However, one is not able to infer on the relative con-
tributions of each of the two processes and thus the exact
value of the spin wave gap remains ambiguous.

The small value of the intermolecular exchange constant
J, is anticipated in molecular crystals since intercluster inter-
actions are generally very weak and accordingly manifest
their existence only at very low T. A superexchange interac-
tion between neighbor magnetic molecules, mediated via wa-
ter of crystallization and coordinated water, or uncoordinated
oxygen atoms of the ligands on the outer ions of the cluster,
has been argued to be responsible for the AFM long range
magnetic ordering.8 In contrast, the strength of the dipolar

interactions between adjacent molecules, Edip�190 mK, is
considered to be relatively weak for an AFM transition ob-
served at TN�1.19 K.8

Regarding the spin-wave gap, the theoretical prediction
based on calculations in Heisenberg antiferromagnets with
single ion easy axis anisotropy23 yields ��B=0�
=2S�D2+zDJ. In the present case of Fe19 in the LRMO
state, with D=−0.05 K, J=1 mK, S=33/2, and z=6, one has
��B=0�=1.74 K. The prediction seems to favor the fit of the
data with the two-magnons Raman process in Figs. 3�b� and
4 �see Eq. �6� which yields a gap value of about 1 K.

More details about the spin wave spectrum and its gap
could be obtained by neutron scattering measurements and
very low temperature nuclear relaxation measurements. The
study of spin waves in Fe19 could unveil new physics in view
of the unusual situation of having large spins �S=33/2� in-
teracting via an exchange interaction much smaller �J
�1 mK� than the zero field crystal field splitting �D=
−0.05 K�.
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