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We present a comparison of the results obtained in the antiferromagnetic �AFM� homometallic ring Cr8 with
the results in three heterometallic rings with a Cr ion replaced by Cd, Ni, and Fe ions, i.e., Cr7Cd, Cr7Ni, and
Cr7Fe, respectively. The experimental results include magnetic susceptibility, 1H nuclear-magnetic-resonance
�NMR� spectra, spin-spin and spin-lattice relaxation rates data, collected in the temperature range 1.65�T
�300 K at two applied magnetic fields. The data include both new results and previously published data. The
static magnetic properties derived from susceptibility and 1H NMR linewidth can be analyzed in a simple way
in terms of the properties of the individual ions constituting the ring and their nearest-neighbor antiferromag-
netic exchange coupling. The nuclear-spin-lattice relaxation rate at low temperature can be described phenom-
enologically by a model, which assumes a single-correlation time for the relaxation of the magnetization, as
used previously for homometallic AFM rings. The correlation frequencies obtained from the fit of the data,
increase by as much as two orders of magnitude in the Cr7Ni and Cr7Fe rings with respect to the homometallic
ring Cr8 and the diamagnetically substituted Cr7Cd ring. This result can be explained qualitatively in terms of
a change in spin-phonon coupling due to the enhancement of crystal-field effects in the heterometallic rings.
For a more quantitative analysis one should take into account the multi-Lorentzian behavior of the spin-spin
correlation function for which detailed theoretical calculations are required. At temperatures higher than the
magnetic exchange energy J /kB, the mechanism for nuclear-spin-lattice relaxation changes since the fluctua-
tions of the moments of the magnetic ions become weakly correlated. We find a fluctuation frequency much
higher in the heterometallic rings as a result of the perturbation introduced by the substituted magnetic ion.

DOI: 10.1103/PhysRevB.82.144421 PACS number�s�: 75.50.Xx, 75.75.Fk, 76.60.Es

I. INTRODUCTION

Molecular nanomagnets have opened the possibility to in-
vestigate new interesting phenomena in magnetism.1–3 In
molecular nanomagnets, investigation of the magnetic prop-
erties and of the spin dynamics of a single molecule is pos-
sible because the magnetic cores of the individual molecules
are isolated from each other by a shell of bulky organic
ligands so that the intermolecular magnetic interactions �usu-
ally dipolar� are very weak compared to the intramolecular
exchange interactions.3

A specific type of nanomagnets are the antiferromagnetic
�AFM� molecular rings, i.e., magnetic molecules with an
even number of uniformly spaced paramagnetic metal ions
arranged as a planar ring and interacting via strong nearest-
neighbor antiferromagnetic exchange interactions. If the ring
contains just one type of magnetic ion, then it is called ho-
mometallic �e.g., Cr8 which is characterized by a singlet
zero-field ground state with total spin ST=0�.4 On the other
hand by substituting one of the paramagnetic ions with a
nonmagnetic ion �e.g., Cd� or with an ion with different mag-
netic moment �e.g., Fe2+ and Ni2+� one obtains a heterome-
tallic AFM ring with a magnetic ground state ST�0 and with
different static and dynamical magnetic properties.5 Of par-
ticular interest are the effects of redistribution of the local

magnetic moment density in the heterometallic rings6 and the
changes in the spin dynamics. Since the ground state of these
heterometallic AFM rings could be used for implementation
of qubits for quantum computation, and the synthesis of het-
erometallic rings containing coupled molecules could lead to
quantum entanglement,7,8 the investigation of the magnetic
properties and particularly of the spin dynamics which can
affect the quantum coherence or decoherence in these hetero-
metallic rings is of great relevance.

Nuclear magnetic resonance �NMR� has been proved to
be an efficient local probe of both static and dynamic prop-
erties of magnetic molecules9 and used in combination with
thermodynamic magnetization measurements can give a
good characterization of the magnetic properties and the spin
dynamics in the heterometallic rings. In this paper we will
compare the results in the homometallic AFM ring Cr8 with
the results in three heterometallic rings with a Cr ion re-
placed by Cd, Ni, and Fe ions, i.e., Cr7Cd, Cr7Ni, and Cr7Fe,
respectively. In the ground state, these rings are characterized
by a total spin ST=0, 1/2, 1/2, and 3/2, for the Cr8, Cr7Fe,
Cr7Ni, and Cr7Cd, respectively, resulting from AFM interac-
tions J between nearest-neighbor Cr3+ �s=3 /2� ions and J�
between Cr3+ and the substituted ions: Fe2+ �s=2�, Ni2+

�s=1�, and Cd2+ �s=0�. The paper is organized as follows. In
Sec. II we summarize briefly the synthesis of the compounds
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and their crystal structure. In Sec. III the experimental results
and data analysis for the magnetization will be presented. In
Sec. IV we present in separate sections the static and the
dynamic NMR results with their analysis. Sec. V contains a
summary of the results and the conclusions.

II. SYNTHESIS AND STRUCTURE

The homometallic ring Cr8, �Cr8F8�O2CCMe3�16�, has
been widely studied,10,11 both because of its magnetic
properties11 and because it can act as a host for heterometal-
lic substitution.12 In order to prepare a heterometallic ring
one of the chromium ions should be substituted with a me-
tallic ion. In our case the Cr ion is replaced with Cd, Ni, and
Fe. Using the same amine as a template for Cr7M �M =Cd,
Ni, and Fe� rings will give us the isostructural Cr7Cd, Cr7Ni,
and Cr7Fe rings with the same bond length within the ring.
Although the lattices parameters may vary slightly, the struc-
ture will be the same. The nearest-neighbor exchange inter-
action between Cr ions is almost independent from the sub-
stituting ion while the exchange interaction between the Cr
ion and the substituting ion depends on the type of hetero-
metallic substitution as will be discussed further on. The syn-
thesis procedure for all of them has been reported in Ref. 5.

The schematic structure of a heterometallic ring, for the
case that one Cr is replaced with a Fe ion, is shown in Fig. 1.
The position of protons in the molecule is important for our
1H NMR study. Around each Cr there are three closest CH3
groups. For each CH3 there are three Cr-H distances: �i�
shortest, in the range 4.07–4.32 Å, �ii� middle, in the range
4.48–4.93 Å, and �iii� longest, in the range of 5.47–5.57 Å.
Other protons are located even further away from Cr ions.

III. MAGNETIC SUSCEPTIBILITY

Measurements of magnetic susceptibility

� = lim
H→0

M/H ,

which for paramagnets far from saturation can be approxi-
mated by M /H, have been performed with a superconducting
quantum interference device �SQUID� magnetometer on dif-
ferent rings, at two different external magnetic fields. The
data for Cr8 were taken in polycrystalline powder sample
while in the other three rings the data were taken on single
crystals with H oriented perpendicular to the molecular c
axis which is perpendicular to the plane formed by the mag-
netic ions, i.e., to the plane of the ring. In the temperature
and field interval measured here the susceptibility is found to
be isotropic, within the experimental error.

For a straightforward comparison of the results in the four
rings, we show in Fig. 2 the susceptibility times temperature
vs temperature, which corresponds to the plot of the effective
Curie constant as a function of temperature. The data for
Cr7Fe are from a previous publication.13 All other data are
new although partial susceptibility data have been published
earlier for Cr7Ni �Ref. 14� and Cr8 �Refs. 9, 15, and 16�.

The upper dashed lines in Fig. 2 correspond to the value
of the Curie constant C=Ng2�B

2�s�s+1�� /3kB, where it was
assumed for the g factor g=2 for both Cr3+ and the substi-
tuted ions while the spin s for Cr3+ is 3/2 and for the Fe2+,
Ni2+, and Cd is 2, 1, and 0, respectively. The experimental
data in Fig. 2 lie below the high-T limit as expected in pres-
ence of AFM coupling but seem to bend toward the limit
calculated for noninteracting ions with the given spin s value
and negligible single ion anisotropy �g=2�. The low-
temperature dashed-dotted lines represent the Curie constant
for a single total spin, ST=0, 1/2, 1/2, and 3/2, for the Cr8,
Cr7Fe, Cr7Ni, and Cr7Cd, respectively, with g=2. The agree-
ment is good indicating that at low temperature the rings
occupy a collective ground state characterized by a total spin
value as given above. The calculated Curie constants for both
high- and low-temperature limits are summarized in Table I.

For temperatures above 100 K the magnetic ions are
weakly correlated and their susceptibility can be described,
in the molecular-field approximation, in terms of the nearest-
neighbor Cr3+-Cr3+ interaction J and the interaction J� be-
tween Cr3+ ions and the substituted ion.

In Fig. 3 we have plotted the inverse susceptibility vs
temperature for the four rings. The high-temperature �above
100 K� results can be fitted reasonably well by using a Curie-
Weiss law for the susceptibility, i.e., 1 /�= �T−�� /C, with C
values calculated above for the high-T limit �see Table I� and
by choosing � as the only fitting parameter. The � values
obtained from the fits for different rings are listed in Table I.
Assuming that the dominant contribution to the Curie-Weiss
temperature � comes from the more abundant Cr3+ ions and
using the molecular-field approximation expression �
= �2zs�s+1�J� /3kB, with the number of nearest neighbors of
a given moment being z=2, we have obtained the AFM cou-
pling constants Cr7Cd for all the rings.

The exchange constants derived above correspond to a
Hamiltonian for the Heisenberg model written as �i�j

−2JijS� i ·S� j. Since the values of J given in the molecular na-
nomagnets are normally referred to a Hamiltonian written as

FIG. 1. �Color online� Structure of �C4H9�2NH2Cr7Fe2+

F8�O2CCMe3�16 molecular nanomagnet, in brief Cr7Fe.
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�i�jJijS� i ·S� j, we multiply our value by two and change sign
in order to compare it with the J constants given in the lit-
eratures for AFM rings. The values obtained for J are re-
ported in Table I. The values of J are very similar for all
rings except Cr7Fe for which the value is smaller, i.e., J
=13�1 K, indicating a stronger magnetic perturbation of
the exchange couplings in the ring as also evident in the
dynamic properties discussed in the following section.

The oversimplified analysis presented above is justified
by the desire to have a quick comparison of the magnetic
properties of the four rings and is in reasonable agreement
with more rigorous fits of the susceptibility and analysis of
the coupling constants published for some of the rings.17

IV. NMR EXPERIMENTAL RESULTS AND ANALYSIS

Proton NMR measurements including nuclear-spin-lattice
relaxation time �T1� and spin-spin relaxation time �T2� were
performed using a standard TecMag Fourier-transform pulse
NMR spectrometer with short � /2-� /2 radio frequency �rf�
pulses �1.9–2.2 �s� in the temperature range 1.65�T
�300 K. In order to study the temperature dependence of
the relaxation times, we used two different cryostats: �a� a
continuous flow cryostat in the temperature range 4.2�T
�300 K and �b� a bath cryostat in the temperature range
1.65�T�4.2 K. Fourier transform �FT� of half of the echo
spin signal yields the NMR spectrum in the case where the
whole line could be irradiated with one rf pulse.

The nuclear-spin-lattice relaxation rate T1
−1 was deter-

mined by monitoring the recovery of the longitudinal nuclear
magnetization measured by the spin-echo amplitude obtained
with � /2-� /2 pulse sequence, following a saturating comb
of rf pulses. The length of the rf saturation comb was chosen
to insure the best initial saturation conditions which vary
depending on temperature and resonance frequency. The re-
covery of the nuclear magnetization was found to follow a
multiexponential law. The effective relaxation rate was de-
termined as described further on.

To perform the spin-spin relaxation time experiments, a
standard solid echo �� /2-� /2� pulse sequence was used. For
all temperatures a single exponential decay of the transverse
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FIG. 2. �Color online� The susceptibility times temperature plotted vs temperature in different magnetic rings at two external magnetic
fields. The dashed and dashed-dotted lines are the limiting behaviors at high and low temperatures, respectively, expected for a simple
paramagnetic model of the AFM rings �see text�.

TABLE I. High- and low-temperature limits Chigh-T limit and
Clow-T limit, respectively, the Curie-Weiss temperature �, and the
AFM coupling constants for all the investigated rings.

Molecule Chigh-T limit Clow-T limit

�
�K�

J /kB

�K�

Cr8 15.005 0 −64 25.6

Cr7Cd 13.13 1.875 −58 23.2

Cr7Ni 14.13 0.249 −55 22

Cr7Fe 16.32 0.374 −32 13
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nuclear magnetization was observed so that a well-defined
spin-spin relaxation time parameter T2 can be defined.

A. Proton NMR spectra

The proton NMR linewidth full width at half maximum
�FWHM� or �� for all the rings is shown in Fig. 4 as a
function of temperature at two values of the external mag-
netic field. The magnitude and the temperature dependence
of the linewidth are similar in all the rings reflecting the fact
that the broadening has the same origin in all of them. In fact
the shape and width of the proton NMR spectrum is deter-
mined by two main interactions: �i� the nuclear-nuclear dipo-
lar interaction and �ii� the hyperfine interaction of the proton
with the neighboring magnetic ions. The first interaction gen-
erates a temperature- and field-independent broadening
which depends on the hydrogen distribution in the molecule
and is thus the same in all molecular magnets independently
of their magnetic properties.9

The hyperfine field resulting from the interaction of pro-
tons with local magnetic moments of Cr3+ �Fe2+ and Ni2+�
may contain contributions from both the classical dipolar
interaction and from a direct contact term due to the hybrid-
ization of proton s-wave function with the d-wave function
of magnetic ions. The dipolar contribution has tensorial char-
acter and is thus responsible for the inhomogeneous width of
the line due to the random distribution of orientations in a
powder sample of the vector joining the nucleus to the elec-

tronic moment and to the many nonequivalent proton sites in
the single crystal. The contact interaction, on the other hand,
has scalar form and it can generate a shift of the line for
certain groups, each one constituted by equivalent protons in
the molecule. Since we have not observed any measurable
shift of the proton NMR line from the Larmor frequency, we
can conclude that the dominant hyperfine interaction is of
dipolar origin.

In the usual simple Gaussian approximation for the NMR
line shape, the linewidth is proportional to the square root of
the second moment, which in turn is given by the sum of the
second moments due to the two interactions described
above,18

FWHM 	 ����2�d + ���2�m, �1�

where ���2�d is the intrinsic second moment due to nuclear-
nuclear dipolar interactions and ���2�m is the second mo-
ment of the local frequency-shift distribution �due to the
nearby electronic moments� at the different proton sites of all
molecules. The proportionality constant in Eq. �1� is on the
order of one depending on the exact shape of the spectrum.
We will assume it to be one, for simplicity. The relation
between ���2�m and the local Cr3+, Fe2+, and Ni2+ electronic
moments for a simple dipolar interaction is given by9,18
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FIG. 3. �Color online� Inverse susceptibility vs temperature in different rings at two external magnetic fields; the solid lines are fits
according to the Curie-Weiss law �see text�.
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���2�m =
1

N
�
R
	�

i�R

��R,i − �L��t
2

=

2

N
�
R
��

i�R
�
j�R

A��i,j�
ri,j

3 �mz,j��t�2

, �2�

where R labels different molecules, i and j span different
protons and Cr3+ ions within each molecule, N is the total
number of probed protons. In Eq. �2�, �R,i is the NMR reso-
nance frequency of nucleus i and �L= �
 /2��H=
–H is the
bare Larmor resonance frequency. The difference between
the two resonance frequencies represents the shift for nucleus
i due to the local field generated by the nearby moments j.
The angular-dependent dipolar coupling constant between
nucleus i and electronic moment j is A��i,j� and ri,j is the
corresponding distance. �mz,j� is the component of the Cr �Fe
and Ni� moment j in the direction of the applied field, aver-
aged over the NMR data acquisition time. In a simple para-
magnet one expects �mz,j�= �� /NA�H with � the SQUID sus-
ceptibility in electromagnetic unit/mole, NA Avogadro’s
number, and H the applied field.19 We can thus write

���2�m = Az���H�2 = Az�	�
�L


–

2

= Az	�
�L

NA

2

, �3�

where Az and Az� are the square dipolar coupling constants
averaged over all protons and all orientations expressed in
different units.

The experimental results for the magnetic contribution to
the linewidth are plotted as a function of the magnetic sus-
ceptibility in Fig. 5 for all the molecular rings. As one can

see the linear relation, predicted by Eqs. �1� and �3�, is well
verified. In the fit of Fig. 5 we have neglected the nuclear
dipolar contribution in Eq. �1� since at such fields the inho-
mogeneous contribution to the width is already dominant.
The values obtained from the fit are summarized in Table II.

The average square dipolar coupling constants �see Table
II� are practically the same in all the rings as expected in
view of the same crystal structure and thus the same proton-
ion distance. The smaller values for the Ni and Fe substituted
rings are probably due to slightly larger distances not re-
vealed by x-ray analysis.

B. NMR signal intensity: Wipe-out effect

The wipe-out effect consists in a progressive loss of mea-
surable NMR signal intensity normally observed in magnetic
systems as the temperature is lowered. There is a general
consensus that the effect has to be ascribed to a shortening of
the spin-spin nuclear relaxation time T2 �which follows a
correspondent shortening of the spin-lattice relaxation time
T1� whereby the shortening of T2 produces a decay of the
transverse nuclear magnetization in a time shorter than the
detection time of the spectrometer. The wipe-out results from
a combination of a strong hyperfine coupling of nuclei to the
electron spin and a slowing down of the fluctuations of the
magnetic moment of the ions. Thus the wipe-out effects con-
tains useful information about both the hyperfine coupling
and the electron spin dynamics. The effect is a rather general
phenomenon in NMR and has been observed previously in
other systems such as spin glasses,20 stripe-ordered
cuprates,21 and colossal magnetic resistance manganites.22 In
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FIG. 4. �Color online� Proton linewidth vs temperature in all the molecular rings at two different external magnetic fields.
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particular, a loss of 1H NMR signal on lowering the tempera-
ture has been observed previously in other molecular nano-
magnets with a magnetic ground state.9,23

A quantitative analysis of the wipe-out effect was done
successfully in Mn6, Fe4, and Fe19 molecular clusters23 by
using a simple and intuitive model which captures the main
physical characteristics of the problem. The model allows for
a semiquantitative determination of the relevant fluctuation
frequency of the electron spin moment. In the following we
present a summary of the wipe-out effect in the different
heterometallic rings from which one can deduce a relative
comparison of the spin dynamics in the different systems.
The data of Cr7Fe �Ref. 13� and partly Cr7Ni �Ref. 14� have
been published before while the data in Cr8 and Cr7Cd are
new. We are going to analyze the wipe-out effect in our cases
�Cr7Fe, Cr8, Cr7Cd, and Cr7Ni� by using the same model
used before23 which we summarize briefly in the following.

We assume that the dominant contribution to T2
−1 is com-

ing from the dephasing due to the hyperfine interactions with
the exchange coupled magnetic ions. In the weak collision,
fast motion approximation, the relaxation rate can be ex-
pressed in terms of the spectral density of the fluctuating
hyperfine field at zero frequency as18,24

T2
−1 = 
N

2 ��Hz
2��T� 	 
N

2 ���e
2�

r6 �T� , �4�

where �Hz is the local longitudinal fluctuating field origi-
nating from a magnetic moment at a distance r from the
proton spin, and  gives the correlation time, which is solely
determined by the dynamics of the exchange coupled mag-
netic ions and can thus be temperature dependent. The cen-
tral idea is that, on lowering the temperature, the correlation
time �T� becomes progressively longer and thus the relax-
ation time T2 becomes shorter �see Eq. �4�� until eventually it
reaches the limiting value d=10−5 s which we estimate to
be the limit of detectability of the NMR signal in our experi-
mental setup. Since the dipolar hyperfine field and thus T2
depends upon the distance r from the magnetic ions, the
limiting value d is reached progressively by all protons, with
the ones closer being wiped-out first. To describe the wipe
out we assume one central ion surrounded by a large number
of protons homogeneously distributed at distances up to a
maximum value R�, the number density being �
=n0 / ��4� /3��R��3�, where n0 is the total number of protons
in each molecule. Being in the regime of the wipe-out effect,
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FIG. 5. �Color online� Inhomogeneous part of the linewidth, extracted as explained in the text, plotted vs magnetic susceptibility with
temperature as implicit parameter.

TABLE II. The average square dipolar coupling constant in Eq.
�3� determined from the fits in Fig. 5 for the different rings.

Molecule
Az�

�Hz mol /G emu�2
Az

�cm−6�

Cr8 2600 5�1043

Cr7Cd 3250 6.4�1043

Cr7Ni 530 0.9�1043

Cr7Fe 730 0.9�1043
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and for a given temperature or value of the correlation time
�T�, there is a number of protons having a T2

−1 value larger
than the critical value of 105 s−1. These protons are enclosed
within a notional sphere of radius rc�T� and do not contribute
to the measured signal intensity. On the other hand, the pro-
tons located outside this sphere can be detected and their
number n�T� can be written as

n�T� = n0�1 − 	 rc

R�
3� . �5�

The value of the critical radius rc in Eq. �5� can be ob-
tained from Eq. �4� by setting T2

−1=d
−1. Then one can express

n�T� in terms of the temperature-dependent correlation time
�T� as

n�T�
n0

= 1 −

N

����e
2��d

�R��3
��T� . �6�

In order to use Eq. �6� to fit the data, one has to make
some educated guess about the functional form of the tem-
perature dependence of the correlation time �T�.

Previous NMR studies in a series of AFM rings have
shown that the temperature dependence of the correlation
time �extracted from the spin-lattice relaxation data� has the
form of a power law �T�=cT−3.5 for all the rings.25 There-
fore we adopt the same expression to fit the wipe-out data
also for our samples in Fig. 6, using Eq. �6�. The two fitting

parameters for different rings, i.e., c and ����e
2��R��−3, are

given in Table III and the results of the fits are shown in Fig.
6 for the low-field data in which the wipe-out effect is more
pronounced.

The theoretical curve reproduces well the sudden drop in
intensity occurring at low temperature although a good fit
over the whole temperature range is impossible due to the
crudeness of the model. This is particularly evident in Cr7Fe
where the big drop in signal intensity occurs at lower tem-
perature leaving an intermediate temperature range where the
fit is poor. Thus the values of the fitting parameters in Table
III have to be considered only indicative. The values of the
coupling parameter ����e

2��R��−3 are of the same order in all
rings and are mainly due to the dipolar coupling of the pro-
tons with the magnetic moment of the ions. On the other
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FIG. 6. �Color online� Signal intensity times the temperature normalized to the room-temperature value plotted vs temperature for the
four rings. Without signal loss the plot should be temperature independent. The full lines are fits of the wipe-out effect using Eq. �6� with the
fitting parameters given in Table II.

TABLE III. The two fitting parameters, i.e., c and ����e
2��R��−3,

for different rings according to Eq. �6�.

Molecule
c

�s/rad�
����e

2��R��−3

�G�

Cr8 0.66�10−4 600

Cr7Cd 1.33�10−4 850

Cr7Ni 1.6�10−5 500

Cr7Fe 4�10−6 300
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hand the constant c which determines the correlation time
�T�=cT−3.5 is more than one order of magnitude shorter in
the Fe �and Ni� substituted ring with respect to the homome-
tallic ring Cr8. This effect of magnetic ion substitution on the
spin dynamics in the ring will be confirmed in next section
where it is shown that with the same correlation frequency,
used to explain the wipe-out effect, we can fit the low-
temperature peak in the spin-lattice relaxation rate T1

−1.

C. Spin-lattice relaxation at low temperature

The temperature dependence of the proton spin-lattice re-
laxation rate is characterized by a strong peak centered at
around 10–20 K and dependent on the external magnetic
field as shown in Fig. 7 for the four rings at two values of the
external magnetic field. This peak is typical of all molecular
magnetic homometallic rings and clusters.9,15 A qualitative
explanation can be given which is related to the wipe-out
effect. The slowing down of the fluctuation frequency �c
=−1=c−1 T3.5, which is responsible for the shortening of T2
as discussed in the previous paragraph, is also responsible for
the shortening of T1. However, while T2 keeps shortening
until �c becomes on the order of the static nucleus-electron
coupling energy which, in frequency units, is in the kilohertz
range, T1

−1 reaches a maximum when the correlation fre-
quency �c becomes on the order of the nuclear Larmor fre-
quency �in the megahertz range�.18 A rigorous theoretical ap-
proach has shown that at low temperature the fluctuations of
the hyperfine field at the nuclear site are due to the relaxation

of the macroscopic magnetization of the ring, not to the fluc-
tuations of the individual spin at the ion sites. This relaxation
is dominated by a single correlation frequency which we
identify with �c and is due to spin-phonon interactions.16 A
subsequent theoretical analysis has provided an explanation
for the origin of the universal behavior of the slowing down
of the magnetization fluctuations which is responsible for the
observed peak.25 In this experimental paper we analyze the
data in a phenomenological way using a single correlation
frequency to describe the electronic spin dynamics in the
same way as done in Ref. 15. This will allow us to capture
the relevant changes occurring in the spin dynamics when
comparing the results in the heterometallic rings with the
homometallic one Cr8.

The simple expression for the relaxation rate can be ob-
tained from the original Moriya theory of nuclear relaxation
in paramagnets18,24 under some simplifying assumptions, the
main one being that the hyperfine field at the nuclear site is
modulated by a dominant single correlation frequency which
drives the relaxation and fluctuation of the ring
magnetization.14,16,25 The expression is

1

T1
= A��T

�c�T�
�c

2�T� + �L
2 , �7�

where A��T is the average square of the transverse fluc-
tuating hyperfine field in frequency units, �L is the proton
Larmor frequency, �c�T�=1 /�T� is the characteristic fre-
quency, and � is the uniform magnetic susceptibility ex-
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FIG. 7. �Color online� Proton spin-lattice relaxation rate divided by �T vs temperature for different rings at two values of the external
field. The curves are fitted using Eq. �7� with two fitting parameters: A obtained from the high-field data, and �c obtained from the fit of the
wipe-out effect in Fig. 6. The fitting parameters are given in Table IV.
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pressed in electromagnetic unit/mole. The temperature de-
pendence of � T �see Fig. 2� represents the amplitude of the
local effective moments. Thus in order to isolate the dynam-
ics from the static effects, we have plotted �T1�T�−1 versus
temperature as shown in Fig. 7. The data can now be fitted
with two fitting parameters: A� related to the average square
of the nuclear electron hyperfine fluctuations and �c�T�
which can be assumed to be of the form �c�T�=�T�−1

=c−1T3.5 to be consistent with the wipe-out analysis of the
previous paragraph and the results in other AFM rings.15 The
fitting parameters are given in Table IV.

As one can see in Fig. 7, the theoretical curves given by
Eq. �7� reproduce qualitatively the relaxation data by using
only one single fitting parameter, namely, A� while for the
correlation frequency we used the values obtained from the
analysis of the wipe-out effect. One should note that a good
fit for temperatures less than 10 K is impossible anyway
since the data at low temperature are affected by the wipe-
out effect and thus they do not represent an average relax-
ation rate over all protons of the molecule.

From the value of A�, one can obtain the square hyperfine
interaction A in units of inverse volume using the following
equation:

A =
A�

4��h–
n
e�2 . �8�


n and 
e are the gyromagnetic ratios for the nuclear and the
electron, respectively.

The obtained values of the A for different molecular rings
are also given in Table IV. The hyperfine field A corresponds
essentially to the �1 /r3�2 term in the nuclear-electron dipolar
interaction. The obtained values are all of the same order of
magnitude reflecting the fact that the average distance be-
tween protons and magnetic ions is very similar in all rings.
Furthermore the values of the hyperfine coupling constant
obtained from relaxation data �Table IV� are of the same
order of magnitude as the ones obtained from linewidth data
�Table II� indicating that in both cases the dominant interac-
tion is the nuclear-ion dipolar interaction.

On the other hand, the correlation frequency �c is much
higher in the Ni and Fe substituted rings. This can be seen
well in Fig. 8 where we show the correlation frequency ex-
tracted from Eq. �7� with the experimental data for the
nuclear-spin-lattice relaxation and by using the values of A�
in Table IV. The results are shown in Fig. 8 together with the

lines representing the best fit for the T dependence of �c
given in Table IV.

The dramatic effect of the ion substitution in the ring on
the relaxation spin dynamics at low temperature is a central
finding of this paper. Since the relaxation of the ring magne-
tization at low temperature is believed to be due to spin
phonon interaction16,25 the much higher correlation fre-
quency in the Ni and Fe substituted rings must be associated
to much stronger crystal-field effects in the latter heterome-
tallic rings. It should be remarked, however, that two as-
sumptions made here, based on previous work in homome-
tallic AFM rings, could be subject to criticism. One regards
the assumption of a single correlation function �CF� since it
was found that in heterometallic rings, particularly in the
temperature region of the peak in T1

−1, the spin-spin correla-
tion function shows a multi-Lorentzian regime.14,26 The sec-
ond assumption is the one leading to the proportionality of
T1

−1 to � T �see Eq. �7��. Both effects are the consequence of
a nonuniform distribution of the local magnetic moments in
the heterometallic rings. These effects should be taken into
consideration in a detailed theoretical explanation of the
present data, which is outside the scope of the present paper.

D. Spin-lattice relaxation at high temperature

As can be seen in Fig. 7 the temperature dependence of
the proton spin-lattice relaxation rate changes for all the
rings at temperatures above about 30–40 K. Above this tem-
perature and up to room temperature, �T1�T�−1 is weakly
temperature and field dependent and it departs completely
from the behavior predicted by Eq. �7� with the fitting pa-
rameters in Table IV. The changeover of behavior of the
nuclear relaxation rate is most likely related to the change-
over from a correlated spin dynamics at low temperature,

TABLE IV. Correlation frequency �c, the average square of the
nuclear electron hyperfine fluctuation A�, and the hyperfine field A
for different molecular rings.

Molecule
�c

�rad/s�
A�

�rad2 mol /s2 emu K�
A

�cm−6�

Cr8 1.5�104T3.5 1�1012 4.5�1043

Cr7Cd 0.75�104T3.5 1�1012 4.5�1043

Cr7Ni 6�104T3.5 1.9�1012 9�1043

Cr7Fe 2.5�105T3.5 3�1012 14.4�1043
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FIG. 8. �Color online� Correlation frequencies for different mo-
lecular magnets extracted from the NMR experimental data plotted
vs temperature. The solid, dot, dashed, and dashed-dotted lines cor-
respond to the behavior of �c�T� for Cr7Fe, Cr7Ni, Cr8, and Cr7Cd,
respectively, which are obtained from the relaxation and wipe-out
effect �see Table IV�.
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whereby the local spin dynamics is driven by the relaxation
of the macroscopic magnetization to a high-temperature spin
dynamics. For the kBT�J the local spins of the magnetic
ions fluctuate almost independently from each other. Another
important effect to be noted is that above 40 K the magnitude
of �T1�T�−1 is much smaller for the Ni and Fe heterometallic
rings with respect to the homometallic ring Cr8 as well as the
diamagnetically substituted ring Cr7Cd �see Fig. 7�. To ex-
plore more quantitatively this effect, we have performed a
series of measurements of T1

−1 as a function of external mag-
netic field at room temperature �RT� for four rings. The re-
sults are shown if Fig. 9 for all the rings.

To explain the high-temperature data we refer to the origi-
nal Moriya theory of nuclear relaxation in paramagnetic
materials.24 In the weak collision approximation one can
write

T1
−1��

ij

�ijJ�
ij ��e� + �

ij

�ijJz
ij��N� , �9�

where i and j number the electronic spins, �e and �N are
the Larmor frequencies of the electron and of the nucleus,
respectively, �ij and �ij are geometrical factors of the
nuclear-electron dipolar interaction, and J�

ij and Jz
ij are the

transverse and longitudinal spectral densities of the spin fluc-
tuations, respectively. In Eq. �9�, the spectral density J�,z

ij ���
can be expressed by the FT of the spin CF,

J�,z
ij ��� = G�

ij�r,t�ei�tdt , �10�

where �= � ,z corresponds to the transverse and longitu-
dinal components, respectively.

For uncorrelated spins, namely, T�J /kB, one can assume
that the CF decays as a Gaussian or an exponential24 with a
correlation frequency which is due to the rapid exchange of
energy between adjacent electronic spins with an exchange
frequency given approximately by24

�exc = �2�J/h��S�S + 1��1/2. �11�

Thus in the simplest approximation one can write for the
relaxation rate

T1
−1 = K�1

2
A���exc/��e

2 + �exc
2 � + Az�exc/��N

2 + �exc
2 ���

� K�1

2
A���exc/��e

2 + �exc
2 � + Az/�exc�� , �12�

where we assumed �N��exc and the constants A� and Az

are averages over all protons in the molecule of the products
of the hyperfine dipolar tensor components �ij and �ij, re-
spectively �see Eq. �9��. The constant K, which has been
factored out from the dipolar tensor coefficients, is given by
K= �h
N
e�2 /4�=1.94�10−32�s−2 cm6� where the electronic
and nuclear gyromagnetic ratios are defined by the Larmor
relation �e=
eH and �N=
NH, respectively. For both Cr8
and Cr7Cd, Eq. �12� should hold and the data in Fig. 9 can be
fitted �solid lines� with the following choice of parameters:
�exc=1.6�1012�rad Hz�; A�=4.7�1047 cm−6; and Az=4.9
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�1046 cm−6 for the Cr8, and �exc=1.2�1012�rad Hz�; A�

=5.2�1047 cm−6; Az=1.9�1046 cm−6 for the Cr7Cd.
The value of the exchange frequency is indeed of the

order predicted by Eq. �11� for the appropriate J coupling of
the ring and the dipolar coupling coefficients are consistent
with the proton-ion distance in the ring. It should be noted
that for an isotropic Heisenberg exchange system of identical
electronic spins, the CF of the transverse spin components
S��t� contains a term randomly varying multiplied by a co-
herent electronic Larmor precession around the external
magnetic field.24 Thus the CF in Eq. �10� contains a term G�

proportional to �S�� �t�S�� �0��e−i�et. When one takes the FT,
according to the Eq. �10�, one obtains a spectral density
J���� centered at �e��N��e, as it appears in the first term
of Eq. �9�. If the spin system is no longer isotropic and/or is
made up of nonequivalent moments, i.e., there is a symmetry
breaking in the plane perpendicular to the magnetic field as
in the case of the heterometallic rings, one expects that the
coherent electronic Larmor precession is damped. Conse-
quently, the term of Eq. �10� containing the transverse CF,
should probe the spectral density at �N, as for the longitudi-
nal fluctuations. This observation is of paramount importance
to explain the difference in magnitude of T1

−1 for the different
rings �see Figs. 7 and 9�.

In the two rings with magnetic substitution, i.e., Cr7Ni
and Cr7Fe, one expects a breakdown of the assumption of
isotropic Heisenberg exchange between equivalent magnetic
moments and thus Eq. �12� should be replaced by

T1
−1 = K�1

2
A���exc

� /��N
2 + �exc

�2� + Az/�exc
z ��

= K�1

2
A��1/�exc

� � + Az/�exc
z � , �13�

where we assumed �N��exc and the exchange frequen-
cies may be different from the isotropic case and different for
transverse ��exc

� � and longitudinal ��exc
z � fluctuations.

The contributions described by Eqs. �12� and �13� refer to
homometallic and heterometallic rings, respectively. Theses
two equations lead, in agreement with the results in Fig. 7, to
a temperature-independent behavior of �T1�T�−1, since the
exchange frequency is T independent. The field dependence
observed in the data in Fig. 9 for Cr8 and Cr7Cd arise from
the term �e=
eH present in Eq. �12�. On the other hand Eq.
�13�, valid for the heterometallic rings Cr7Ni and Cr7Fe, pre-
dict no field dependence while it is clear that the field depen-
dence is present also in the heterometallic rings �see Fig. 9�.
In order to explain the field dependence in Cr7Ni and Cr7Fe,
one should thus postulate an additional contribution to the
proton relaxation arising from the interaction of the protons
with the heterometallic ion. This additional contribution can
be put in the form,

T1
−1 = KAh

z �T

�N
2 + �T

2 , �14�

which is the expression of the nuclear relaxation due to a
paramagnetic “impurity” with correlation frequency �T. The
dipolar coupling constant Ah

z is expected to be smaller than

the constants A� and Az in Eq. �12� because on the average
the protons are further away from the Fe2+ �Ni2+� moments.
Thus the data in Fig. 9 for Cr7Ni and Cr7Fe can be tenta-
tively fitted by an expression of the form,

T1
−1 = K�1

2
A��1/�exc

� � + Az/�exc
z � + KAh

z �T

�N
2 + �T

2 . �15�

The full curves in Fig. 9 for Cr7Ni and Cr7Fe correspond
to Eq. �15� with the following fitting parameters:
K�A� /2�exc

� +Az /�exc
z �=1100 s−1; Ah

z =1.7�1043 cm−6; and
�T=9�108 rad Hz for Cr7Ni, and K�A� /2�exc

� +Az /�exc
z �

=120 s−1; Ah
z =3.8�1042 cm−6; and �T=4.6�108 rad Hz

for Cr7Fe.
Regarding the first term in Eq. �15�, one can observe that

it corresponds to what expected on the basis of the same
coupling constants A� and Az, derived above for Cr8 and
Cr7Cd, and exchange frequencies, �exc

� and �exc
z , almost one

order of magnitude larger for Cr7Fe. This is not surprising
since in the heterometallic rings the damping process of the
precession of the spin due to inequivalency of the adjacent
moments and/or the anisotropy can speed up the decay of the
electronic correlation function. On the other hand, the energy
conserving exchange fluctuations are not allowed for the
Fe2+ �Ni2+� moments since they are different from the
nearest-neighbor Cr3+ moments. Thus only longitudinal spin-
lattice fluctuations are allowed for the substituted ion. The
value of the correlation frequency �T for the longitudinal
fluctuations of the Fe2+ �Ni2+� moment, is consistent with a
slow fluctuation of the impurity spin due to the spin-lattice
relaxation. The consistency of the small coupling constants
Ah

z is more difficult to be determined in view of the semi-
quantitative model adopted.

V. SUMMARY AND CONCLUSIONS

We have presented and compared susceptibility and NMR
data in three heterometallic rings with the corresponding ho-
mometallic ring Cr8. The singlet ground state, S=0, of the
antiferromagnetic coupled ring Cr8 is modified into a mag-
netic ground state with total spin S=3 /2 for Cr7Cd, S=1 /2
for Cr7Ni and Cr7Fe. The nearest-neighbor magnetic ex-
change coupling remains antiferromagnetic in all rings with
a small change in the value of the effective J. Regarding the
spin dynamics we have found that the proton relaxation rate
is driven by a mechanism different at low temperature from
the one at high temperature. For T�J /kB the magnetic mo-
ments of the ions are strongly correlated and the nuclear
relaxation is due to the modulation of the hyperfine field by
the relaxation process of the total magnetization of the
ring.15,16,25 The relaxation process of the magnetization is
dominated in AFM rings by a single correlation frequency �c
which is driven by spin-phonon interaction and is thus
strongly temperature dependent.14,16,25 This single correlation
frequency can be extracted from nuclear relaxation measure-
ments via a simple model.15 By using here this simple model
we were able to compare the spin dynamics in homometallic
and heterometallic rings whereby we found a much higher
correlation frequency for Cr7Ni and even higher for Cr7Fe.
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This is a clear evidence of enhanced spin-phonon interaction
in the heterometallic rings due most likely to the strong
single ion anisotropy of, e.g., Fe2+ as also found in Moss-
bauer measurements.27 For T�J /kB the magnetic moments
of the ions become weakly correlated and the proton relax-
ation is dominated by the fluctuations of the individual para-
magnetic moments. In this high-temperature region we have
observed a drastic difference in the values of the T1

−1 in Cr8
and Cr7Cd when compared to Cr7Ni and Cr7Fe. We have
interpreted the effect as due to the change in the electron spin
correlation function, whereby in the homometallic Cr8 and
weakly perturbed Cr7Cd rings the coherent precession of the
spin around the applied field predicted for the transverse
components in the isotropic Heisenberg model is allowed,
while in the strongly perturbed Cr7Ni and more so in Cr7Fe
this precession is completely overdamped. This agrees with
the notion that in Cr7Ni and Cr7Fe the spin dynamics is
perturbed by the substituted magnetic ion and that the distri-
bution of spin density in the ring is nonuniform. The local
spin-density redistribution in the ring could be obtained, in
principle, from NMR measurements. As a matter of fact the
local distribution of the spin density at the different ion sites
in the ground state was measured in a previous publication in
Cr7Cd by 57Cr NMR and found to remain rather uniform

over the ring.6 We have attempted to measure the spin den-
sity in the other heterometallic rings but the NMR signal of
53Cr, 57Fe, and 61Ni could not be detected down to 1.4 K due
to the combination of poor signal to noise ratio and very
short T2. A recent Mossbauer investigation of Cr7Fe has
shown a reduction in the expectation value of the Fe2+ �s
=2� spin moment to �s�=0.9 and a strong magnetic single-
ion anisotropy.27 Thus measurements of NMR at the 53Cr site
appear to be essential and will be attempted again at very
low temperature by the use of a dilution refrigerator. Indirect
evidence of a strong perturbation of the Cr spin density by
insertion of Fe and Ni ions is inferred indirectly from the
spin dynamics as discussed above.
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